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(57) ABSTRACT

Systems and methods for controlling blood pressure by
controlling atrial pressure and atrial stretch are disclosed. In
some embodiments, a stimulation circuit may be configured
to deliver a stimulation pulse to at least one cardiac chamber
of a heart of a patient, and at least one controller may be
configured to execute delivery of one or more stimulation
patterns of stimulation pulses to the at least one cardiac
chamber, wherein at least one of the stimulation pulses
stimulates the heart such that an atrial pressure resulting
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METHODS AND SYSTEMS FOR
CONTROLLING BLOOD PRESSURE BY
CONTROLLING ATRIAL PRESSURE

This application is a division of U.S. application Ser. No. >

14/4277,478, filed Mar. 11, 2015, now U.S. Pat. No. 9,370,
662, 1ssued Jun. 21, 2016, which 1s a National Stage of
International Application No. PCT/US2014/042777, filed
Jun. 17, 2014, which claims the prionty of International
Application No. PCT/US2013/076600, filed Dec. 19, 2013, 10

which claims the prionty of U.S. application Ser. No.
13/826,213, filed Mar. 14, 2013, now U.S. Pat. No. 9,008,

769, 1ssued Apr. 14, 2015, the preceding two of which claim
the benefit of U.S. Provisional Application No. 61/740,977,
filed Dec. 21, 2012, and all of which are herein incorporated 1>
by reference 1n their entirety.

BACKGROUND OF THE INVENTION

1. Field of the Invention 20

Embodiments of the present invention relate to the field of
treating hypertension through controlling cardiac functions,
including filling and contractions. Specific embodiments
include application of focal, electrical stimulation to the
heart. 25

2. Description of Related Art

Variations 1n blood pressure are known to occur normally,
due for example to increased activity (which normally
clevates blood pressure) or significant blood loss (which
tends to cause a reduction in blood pressure). Blood pressure 30
1s however normally maintained within a limited range due
for example to the body’s baroreflex, whereby elevated or
decreased blood pressure aflects cardiac function and the
characteristics of the cardiovascular system by a feedback
loop. Such feedback control 1s mediated by the nervous 35
system as well as by the endocrine system (e.g., by natri-
uretic peptide). In hypertensive individuals, while baroretlex
does function, blood pressure 1s maintained at an elevated
level.

Hypertension, or high blood pressure (e.g., blood pressure 40
of 140/90 mmHg or higher), 1s a serious health problem
allecting many people. For example, approximately 74.5
million people aged 20 vears and older and living 1n the
United States have high blood pressure. Hypertension may
lead to such life-threatening conditions as stroke, heart 45
attack, and/or congestive heart failure. Approximately
44.1% of people with high blood pressure and under current
treatment have satisfactory control of their hypertension.
Correspondingly, 55.9% of the same people have poor
control. Traditionally, ftreatment for hypertension has 50
included medication and lifestyle changes. These two types
of treatment are not effective for all patients. Additionally,
side eflects may prevent certain patients from taking medi-
cation. Accordingly, there remains a need for additional
techniques for lowering blood pressure. 55

SUMMARY OF THE INVENTION

Methods and devices for reducing blood pressure are
disclosed. Some embodiments treat hypertension mechani- 60
cally istead of or in addition to treating hypertension
pharmaceutically. In some embodiments, an -electrical
stimulator, such as a pacemaker or other type of device
having a pulse generator, may be used to stimulate a
patient’s heart to reduce blood pressure. When the heart 1s 65
stimulated 1n a consistent way to reduce blood pressure, the
cardiovascular system may adapt to the stimulation over

2

time and revert to a higher blood pressure. Therefore, in
some embodiments, the stimulation pattern may be config-
ured to be able to modulate the baroreflex such that the
adaptation response of the cardiovascular system 1s reduced
or even prevented.

In some embodiments, an electrical stimulator may be
used to stimulate a patient’s heart to cause at least a portion
ol an atrial contraction to occur while the atrioventricular
valve 1s closed. Such an atrial contraction may deposit less
blood 1nto the corresponding ventricle than when the atrio-
ventricular valve 1s opened during an atrial contraction,
which may cause a practically immediate drop 1n blood
pressure.

In some embodiments, an e¢lectrical stimulator may be
used to stimulate a patient’s heart such that an atrial pressure
resulting from atrial contraction of an atrium overlaps in
time a passive pressure build-up of the atrium, thereby
providing an atrial pressure of the atrium that 1s a combi-
nation of the atrial pressure resulting from atrial contraction
and the passive pressure build-up and is higher than an atrial
pressure ol the atrtum would be without the stimulation.
This may cause an 1ncrease 1n atrial stretch thereby reducing
blood pressure through hormonal and/or neuronal pathways.
This reduction 1n blood pressure may take some time to
manifest, and 1ts timeline would depend on the hormonal
and/or neuronal pathways. The atrial pressure resulting from
atrial contraction may culminate 1n a maximum atrial pres-
sure resulting from atrial contraction. The passive pressure
build-up of the atrium may culminate 1n a maximum passive
pressure build-up of the atrtum. Alternatively or addition-
ally, overlapping 1in time an atrial pressure resulting from
atrial contraction of an atrium and a passive pressure build-
up of the atrium may include overlapping in time the
maximum atrial pressure resulting from atrial contraction
and the maximum passive pressure build-up. In some
embodiments, overlapping the alorementioned maxima may
result 1n a combined atrial pressure (of the atrial pressure
resulting from atrial contraction and the passive pressure
build-up) that 1s higher than an atrial pressure of the atrium
would be without the stimulation.

In some embodiments, the electrical stimulator may be
used to stimulate a patient’s heart to cause within a single
cardiac cycle at least a portion of an atrial contraction to
occur while the atrioventricular valve 1s closed and/or to
stimulate a patient’s heart such that an atrial pressure
resulting from atrial contraction of an atrium overlaps in
time a passive pressure build-up of the atrium, thereby
providing an atrial pressure of the atrium that 1s a combi-
nation of the atrial pressure resulting from atrial contraction
and the passive pressure build-up and is higher than an atrial
pressure of the atrium would be without the stimulation.

Some embodiments may use artificial valves 1n treating
hypertension. In some medical conditions, where one or
more of the atrioventricular (AV) valves maltunctions, the
valve(s) may be replaced by implantation of artificial (pros-
thetic) valve(s). These artificial valves may be normally
configured to passively open and close, as do natural valves,
as a function of pressure diflerences between the atria and
ventricles. Passive artificial valves are normally classified in
three types based on their mechanical structure: caged ball
valves, tilting disc valves, and bi-leatlet valves. As an
alternative, some embodiments may use an active artificial
valve that 1s configured to actively open and close.

In one aspect, an embodiment provides a system for
reducing blood pressure 1n a patient having a pretreatment
blood pressure. The system may comprise at least one
stimulation electrode for stimulating at least one chamber of
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a heart of a patient with a stimulating pulse. The system may
comprise at least one controller configured to execute a
stimulation pattern of stimulating pulses to at least a cham-
ber of the heart. The stimulation pattern may include a first
stimulation setting and a second stimulation setting different
from the first stimulation setting. At least one of the first
stimulation setting and the second stimulation setting may
be configured to reduce or prevent atrial kick and/or to
control atrial pressure and/or stretch.

In one aspect, an embodiment provides a system for
reducing blood pressure. The system may comprise at least
one stimulation electrode for stimulating at least one cham-
ber of a heart of a patient. The system may include at least
one controller configured to execute a stimulation pattern
comprising multiple stimulation pulses. At least one stimu-
lation pulse of the multiple stimulation pulses may have a
first stimulation setting configured to reduce atrial kick 1n at
least one ventricle. At least one stimulation pulse of the
multiple stimulation pulses may have a second stimulation
setting configured to reduce the baroreflex response to the
reduction in atrial kick such that the increase in blood
pressure values occurring between stimulation pulses 1s
limited to a predetermined value or range of values.

In another aspect, an embodiment provides a device for
reducing blood pressure of a patient having a pretreatment
blood pressure and a pretreatment ventricular filling volume.
The device may comprise a stimulation circuit configured to
deliver a stimulation pulse to at least one of an atrium and
a ventricle. The device may comprise a processor circuit
coupled to the stimulation circuit and optionally also to a
sensing circuit.

In some embodiments, the device processor circuit may
be configured to operate 1 an operating mode in which the
device controls the AV delay, which, as used herein, may be
taken to mean a delay occurring in a single heartbeat
between ventricle excitation and/or contraction and atrial
excitation and/or contraction. In addition, as used herein, the
AV delay 1 a system or method may be taken to mean,
within one heartbeat, a time delay between delivery of at
least one excitatory stimulus to a ventricle and one of: the
sensing of an onset of atrial excitation; the timing of an
anticipated onset of atrial excitation; and the delivery of at
least one excitatory stimulus to the atrium.

This AV delay may be set by delivering at least one
stimulation pulse to both of at least one atrtum and at least
one ventricle. Optionally this stimulation 1s performed at a
rate that 1s higher than the natural activity of the heart. Such
rate may, for example, be set using at least one sensing
clectrode to sense the natural activity in the heart (e.g., 1n the
right atrium when stimulation 1s not delivered) and adjusting,
the stimulation pulse delivery rate accordingly.

Optionally, when ventricular excitation 1s timed to com-
mence before the delivery of one or more stimulation pulses
to the atria, the delivery of stimulation pulses to the heart 1s
timed such that one or more excitatory pulses are delivered
to an atrium at a time that 1s earlier than the next anticipated
natural onset of atrial excitation.

In some embodiments, the AV delay may be set by
delivering at least one stimulation pulse to one or more
ventricles but not to the atria. In such case, the natural
activity of one or more of the atria may be sensed and the
timing of ventricle excitation and/or contraction may be set
to precede 1ts natural expected timing based on the sensed
atrial activity rate.

In some embodiments, the processor circuit may be
configured to operate in an operating mode in which a
ventricle 1s stimulated to cause ventricular excitation to
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commence between about 0 milliseconds (ms) and about 50
ms betfore the onset of atrial excitation 1n at least one atrium,
thereby reducing the ventricular filling volume from the
pretreatment ventricular filling volume and reducing the
patient’s blood pressure from the pretreatment blood pres-
sure. In such embodiments, atrial excitation may be sensed
to determine the onset of atrial excitation. For example, the
processor circuit may be configured to operate in an oper-
ating mode in which one or more excitatory pulses are
delivered to a ventricle between about O ms and about S0 ms
before a next atrial excitation 1s anticipated to take place.
The time interval between the onset of atrial excitation and
the moment that atrial excitation 1s sensed may be known or
estimated, and used to calculate the timing of an onset of
atrial excitation. For example, 11 1t 1s known or estimated that
atrial excitation 1s sensed 5 ms after the onset of atrial
excitation and the ventricle 1s to be stimulated 20 ms before
the onset of atrial excitation, then the ventricle 1s to be
stimulated 25 ms before the next anticipated sensing of atrial
excitation. In other embodiments, the processor circuit may
be configured to operate 1n an operating mode 1 which an
atrium 1s stimulated to cause atrial excitation to commence
between about 0 ms and about 30 ms aifter the onset of
ventricular excitation 1n at least one ventricle, thereby reduc-
ing the ventricular filling volume from the pretreatment
ventricular filling volume and reducing the patient’s blood
pressure from the pretreatment blood pressure. For example,
the processor circuit may be configured to operate 1n an
operating mode 1n which one or more excitatory pulses are
delivered to an atrtum between about 0 ms and about 50 ms
alter one or more excitatory pulses are provided to the
patient’s ventricle. In such embodiments, the pacing may be
timed without relying on sensing atrial excitation. Option-
ally, 1n such embodiments, atrial excitation 1s sensed 1n order
to confirm that one or more excitatory pulses are delivered
to an atrium before a natural excitation takes place. Option-
ally, atrial excitation 1s set to commence between about 0 ms
and about 350 ms after the onset of ventricular excitation
when the intrinsic atrial excitation rate 1s lower than the
intrinsic ventricular excitation rate.

In some embodiments, the timing of the mechanical
contraction in relation to electrical excitation of a chamber
for a patient may be determined, for example, by sensing
changes 1n atrial and ventricular pressures, sensing wall
motion using ultrasound (e.g., echocardiography or cardiac
echo), changes 1n impedance, or the opening and/or closing
ol a cardiac valve, using implanted and/or external sensors
as known 1n the art. Examples for such sensors include
pressure sensors, impedance, ultrasound sensors, and/or one

or more audio sensors and/or one or more blood flow
SEeNSors.

The timing of the mechanical contraction 1n relation to
clectrical excitation of a chamber for a patient may be taken
into account and the processor circuit may be configured
accordingly, such that the one or more excitatory pulses are
delivered to the heart in a timing that will generate a desired
pattern of contraction. This may be performed 1n a closed
loop mode, using one or more implanted sensors, and/or
may be performed occasionally (e.g., on implantation of a
device and/or during a checkup), for example, using an
interface with an external measurement device.

The operating mode may include stimulating the ventricle
to cause the ventricle to commence contraction before the
onset of contraction of the at least one atrium.

The operating mode may include stimulating the ventricle
to cause the ventricle to commence contraction before the
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end of contraction of the at least one atrium, thereby causing
the AV valve to be closed during at least part of a contraction
of the at least one atrium.

The operating mode may include stimulating the ventricle
to cause the ventricle to commence contraction within less
than 100 ms after the onset of contraction of the at least one
atrium.

Optionally, care 1s taken to ensure that atrial contraction
will commence before ventricle contraction has reached
peak pressure. This 1s possible even i1n cases in which
ventricular contraction will have commenced before the
onset of atrial contraction, as atrial contraction 1s typically
faster than ventricular contraction. Accordingly, one of the
following settings may be selected:

a. The operating mode may include stimulating the ven-
tricle to cause the ventricle to commence contraction at
any time during atrial contraction but before the atrium
reaches 1ts maximal pressure that 1s due to the atrial
confraction.

b. The operating mode may include stimulating the ven-
tricle to cause the ventricle to commence contraction at
any time during atrial contraction but after the atrium
reaches 1ts maximal pressure that 1s due to the atrial
contraction.

c. The operating mode may include stimulating the ven-
tricle at such timing that contraction would commence
in both the atrium and ventricle at essentially the same
time (e.g., with no more than 5 ms from one another).

d. The operating mode may include stimulating the ven-
tricle to cause the ventricle to commence contraction at
such timing that the peak of atrnial contraction would
occur when the ventricle 1s near or at maximal stretch,
thus causing an increase 1n the stretch of the atrial wall,
described 1n more detail below relative to the 1sovolu-
mic phase and rapid ejection phase of the ventricle.

The operating mode may include stimulating the ventricle
to cause the ventricle to contract at least partially before the
onset of contraction of the at least one atrium, thereby
causing the AV valve to be closed during the onset of
contraction of the at least one atrium.

Optionally, the processor circuit may be configured to
operate 1n an operating mode 1n which one or more excit-
atory pulses are delivered to an atrium between about 0 ms
and about 50 ms after one or more excitatory pulses are
delivered to the patient’s ventricle.

In another aspect, an embodiment provides a method for
reducing blood pressure of a patient having a pretreatment
blood pressure and a pretreatment ventricular filling volume.
The method may comprise delivering a stimulation pulse
from a stimulation circuit to at least one of an atrium and a
ventricle, and operating a processor circuit coupled to the
stimulation circuit to operate 1n an operating mode 1n which
a ventricle 1s stimulated to cause ventricular excitation to
commence between about 0 ms and about 50 ms before the
onset of atrial excitation in at least one atrium, thereby
reducing the ventricular filling volume from the pretreat-
ment ventricular filling volume and reducing the patient’s
blood pressure from the pretreatment blood pressure. In such
embodiments, atrial excitation may be sensed to determine
the onset of atrial excitation. For example, the method may
include delivering one or more excitatory pulses to a ven-
tricle between about 0 ms and about 50 ms before a next
atrial excitation 1s anticipated to take place. The time 1nter-
val between the onset of atrial excitation and the moment
that atrial excitation 1s sensed may be known and used to
calculate the timing of the onset of atrial excitation. For
example, 11 1t 1s known or estimated that atrial excitation 1s
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sensed 5 ms after the onset of atrial excitation and the
ventricle 1s to be stimulated 20 ms before the onset of atrial
excitation, then the ventricle 1s to be stimulated 25 ms before
the next anticipated sensing of atrial excitation. In other
embodiments, the method may comprise operating a pro-
cessor circuit coupled to the stimulation circuit to operate 1n
an operating mode 1 which an atrium 1s stimulated to cause
atrial excitation to commence between about O ms and about
50 ms after the onset of ventricular excitation in at least one
ventricle, thereby reducing the ventricular filling volume
from the pretreatment ventricular filling volume and reduc-
ing the patient’s blood pressure from the pretreatment blood
pressure. For example, the method may include delivering
one or more excitatory pulses to an atrium between about 0
ms and about 50 ms after delivering one or more excitatory
pulses to the patient’s ventricle. In such embodiments, the
pacing may be timed without relying on sensing atrial
excitation. Optionally, such embodiments comprise sensing
atrial excitation in order to confirm that one or more excit-
atory pulses are delivered to an atrium before a natural
excitation takes place. Optionally, atrial excitation 1s set to
commence between about 0 ms and about 50 ms after the
onset of ventricular excitation when the intrinsic atrial
excitation rate 1s lower than the intrinsic ventricular excita-
tion rate.

In some embodiments, the timing of the mechanical
contraction in relation to electrical excitation of a chamber
for a patient may be evaluated using, for example, ultra-
sound (e.g., echocardiography or cardiac echo) or other
known means. The timing of the mechanical contraction in
relation to electrical excitation of a chamber for a patient
may be taken into account and the timing of the delivery of
the one or more excitatory pulses to the heart may be
selected so as to generate a desired pattern of contraction.

The operating mode may include stimulating the ventricle
to cause the ventricle to contract before the onset of con-
traction of the at least one atrium.

The operating mode may include stimulating the ventricle
to cause the ventricle to contract before the onset of con-
traction of the at least one atrium, thereby causing the AV
valve to be closed during at least part of a contraction of the
at least one atrium.

The operating mode may include stimulating the ventricle
to cause the ventricle to contract before the end of contrac-
tion of the at least one atrium, thereby causing the AV valve
to be closed during the onset of contraction of at least atrium.

Optionally, the method comprises delivering one or more
excitatory pulses to an atrium between about O ms and about
50 ms after delivering one or more excitatory pulses to the
patient’s ventricle.

In another aspect, an embodiment provides a device for
reducing blood pressure of a patient having a pretreatment
blood pressure and a pretreatment ventricular filling volume.
The device may comprise a stimulation circuit configured to
deliver a stimulation pulse to at least one cardiac chamber of
a patient’s heart. The device may comprise a processor
circuit coupled to the stimulation circuit. The processor
circuit may be configured to operate 1n an operating mode 1n
which at least one cardiac chamber 1s stimulated to cause
between about 40% of an atrial contraction and about 100%
ol an atrial contraction to occur at a time when an atrioven-
tricular valve related to the atrium 1s closed, thereby reduc-
ing the ventricular filling volume from the pretreatment
ventricular filling volume and reducing the patient’s blood
pressure from the pretreatment blood pressure. This can be
achieved, for example, by causing the atrium to commence
contraction about 60 ms or less before the closure of the AV
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valve. Optionally, this timing may be set periodically (e.g.,
upon implantation) based on data from an external sensor
and/or as a closed loop using one or more implanted sensors.

In another aspect, an embodiment provides a device for
reducing blood pressure of a patient having a pretreatment
blood pressure and a pretreatment ventricular filling volume.
The device may comprise a stimulation circuit configured to
deliver a stimulation pulse to at least one cardiac chamber.
The device may comprise a processor circuit coupled to the
stimulation circuit. The processor circuit may be configured
to operate 1n an operating mode 1n which at least one cardiac
chamber 1s paced to cause about 50% to about 95% of an
atrial contraction to occur during ventricular systole, thereby
reducing the ventricular filling volume from the pretreat-
ment ventricular filling volume and reducing the patient’s
blood pressure from the pretreatment blood pressure. This
can be achieved, for example, by causing the atrium to
commence contraction about 50 ms to 5 ms before com-
mencement of ventricular contraction. Optionally, the tim-
ing of commencement of ventricular contraction may be set
according to the timing of closure of an AV valve. Option-
ally, this timing may be set periodically (e.g., upon implan-
tation) based on data from an external sensor and/or as a
closed loop using one or more implanted sensors.

In another aspect, an embodiment provides a method,
carried out with an implanted heart muscle stimulator asso-
ciated with a heart of a patient, for treating a blood pressure
disorder in the patient, the patient having a pretreatment
blood pressure. The method may comprise stimulating a
heart to cause an atrium thereof to contract while a heart
valve associated with the atrtum 1s closed such that the
contraction distends the atrium, and the distending atrium
results 1n reducing the patient’s blood pressure from the
pretreatment blood pressure. This can be achieved, for
example, by causing the atria to contract at a time when the
pressure 1n the ventricle 1s maximal so that the active force
ol atrial contraction will increase atrial pressure and atrial
stretch above the maximal passive pressure and stretch
caused by the contraction of the associated ventricle(s). In
such cases, the timing of the maximal contraction of the atria
should coincide with the end of the 1sovolumic period or
during the rapid ejection period of the ventricle. Optionally,
this timing may be set periodically (e.g., upon implantation)
based on data from an external sensor and/or as a closed loop
using one or more implanted sensors.

In another aspect, an embodiment provides a system for
reducing blood pressure 1n a patient by controlling atrial
pressure and atrial stretch. The system may include a stimu-
lation circuit configured to deliver a stimulation pulse to at
least one cardiac chamber of a heart of the patient, and at
least one controller configured to execute the delivery of one

or more stimulation patterns of stimulation pulses to the at
least one cardiac chamber. The at least one of the stimulation
pulses may stimulate the heart such that an atrial pressure
resulting from atrial contraction of an atrium overlaps in
time a passive pressure build-up of the atrium, such that an
atrial pressure of the atrium resulting from the stimulation 1s
a combination of the atrial pressure resulting from atrial
contraction and the passive pressure build-up and 1s higher
than an atrial pressure of the atrtum would be without the
stimulation, and such that the blood pressure of the patient
1s reduced.

The atrnial pressure of the atrium resulting from the
stimulation may cause an increased atrial stretch of the
atrrum that reduces blood pressure through hormonal and/or
neural pathways.
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The atrial pressure resulting from atrial contraction may
culminate 1n a maximum atrial pressure resulting from atrial
contraction. The passive pressure build-up of the atrium may
culminate 1n a maximum passive pressure build-up of the
atrium. Alternatively or additionally, overlapping in time an
atrial pressure resulting from atrial contraction of an atrium
and a passive pressure build-up of the atrium may include
overlapping 1n time both a maximum atrial pressure result-
ing from atrial contraction and a maximum passive pressure
build-up. In some embodiments, overlapping the aforemen-
tioned maxima may result 1n a combined atrial pressure (of
the atrial pressure resulting from atrial contraction and the
passive pressure build-up) that 1s higher than an atrial
pressure of the atrium would be without the stimulation.

The at least one of the stimulation pulses may include
stimulating the atrium of the heart. The at least one of the
stimulation pulses may include stimulating a ventricle of the
heart. The at least one of the stimulation pulses may also
include pacing the atrium and the ventricle, optionally at a
substantially equal rate, or pacing the atrium at a rate higher
than a rate at which the ventricle 1s paced.

The at least one of the stimulation pulses may include
stimulating the atrium such that the atrium contracts twice
during a single cardiac cycle, for example, either by stimu-
lation the atrium twice during a single cardiac cycle or by
stimulation the atrium once during a single cardiac cycle.

Optionally, the at least one of the stimulation pulses may
include stimulating the atrium such that the atrium contracts
only once during a single cardiac cycle.

The at least one of the stimulation pulses may also include
stimulating the heart such that atrial kick 1s reduced or
prevented.

The one or more stimulation patterns may also include
stimulating the heart such that atrial kick 1s reduced or
prevented. The at least one of the stimulation patterns may
include stimulating the heart at a plurality of heartbeats,
wherein at least some of the stimulation pulses stimulate the
heart such that an atrial pressure resulting from atrial con-
traction of an atrium overlaps 1n time a passive pressure
build-up of the atrium, such that an atrial pressure of the
atrium resulting from the stimulation 1s a combination of the
atrial pressure resulting from atrial contraction and the
passive pressure build-up and 1s higher than an atrial pres-
sure of the atrium would be without the stimulation, and
wherein at least some of the stimulation pulses are config-
ured to reduce or prevent atrial kick.

A stimulation pulse may be provided such that in a single
heartbeat both atrial kick 1s reduced or prevented and an
atrial pressure resulting from atrial contraction of an atrium
overlaps 1n time the passive pressure build-up of the atrium
such that an atrial pressure of the atrtum resulting from the
stimulation 1s a combination of the atrial pressure resulting
from atrial contraction and the passive pressure build-up and
1s higher than an atrial pressure of the atrtum would be
without the stimulation.

The at least one stimulation pattern may include at least
one stimulation pulse set to have 1n a single heartbeat a first
atrial contraction to commence when an atrioventricular
valve 1s open and end after the atrioventricular valve 1s
closed, and to elicit a second atrial contraction 1n which an
atrial pressure resulting from atrial contraction of an atrium
overlaps 1n time a passive pressure build-up of the atrium,
such that an atrial pressure of the atrtum resulting from the
stimulation 1s a combination of the atrial pressure resulting
from atrial contraction and the passive pressure build-up and
1s higher than an atrial pressure of the atrium would be
without the stimulation. The first atrial contraction may be
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sensed and the second atrial contraction may be paced.
Alternatively, the first atrial contraction and the second atrial
contraction may be paced.

Alternatively, the at least one stimulation pattern may
include at least one stimulation pulse set to have 1n a single
heartbeat a first atrial contraction to commence when an
atrioventricular valve 1s open and end before the atrioven-
tricular valve 1s closed, and to elicit a second atrial contrac-
tion 1 which an atrial pressure resulting from atrial con-
traction of an atrium overlaps in time the passive pressure
build-up of the atrtum, such that an atrial pressure of the
atrium resulting from the stimulation 1s a combination of the
atrial pressure resulting from atrial contraction and the
passive pressure build-up and 1s higher than an atrial pres-
sure of the atrium would be without the stimulation. The first
atrial contraction may be sensed and the second atrial
contraction may be paced. Alternatively, the first atrial
contraction and the second atrial contraction may be paced.

The one or more stimulation patterns may 1nclude alter-
nating between a plurality of stimulation patterns having a
different ratio of: (1) first stimulation pulses that stimulate
the heart such that an atrial pressure resulting from atrial
contraction of an atrium overlaps in time a passive pressure
build-up of the atrtum, such that an atrial pressure of the
atrium resulting from the stimulation 1s a combination of the
atrial pressure resulting from atrial contraction and the
passive pressure build-up and 1s higher than an atrial pres-
sure of the atrtum would be without the stimulation; and (2)
second stimulation pulses that stimulate the heart such that
atrial kick 1s reduced or prevented. Optionally, the one or
more stimulation patterns may include at least one stimula-
tion pulse configured to reduce or prevent atrial kick and
stimulate the heart such that an atrial pressure resulting from
atrial contraction of an atrium overlaps 1 time a passive
pressure build-up of the atrium, such that an atrial pressure
of the atrium resulting from the stimulation 1s a combination
of the atrial pressure resulting from atrial contraction and the
passive pressure build-up and 1s higher than an atrial pres-
sure of the atrium would be without the stimulation, both 1n
a single cardiac cycle.

The one or more stimulation patterns may include alter-
nating between a plurality of stimulation patterns having a
different ratio of: (1) first stimulation pulses that stimulate
the heart such that an atnial pressure resulting from atrial
contraction of an atrium overlaps in time a passive pressure
build-up of the atrtum, such that an atrial pressure of the
atrium resulting from the stimulation 1s a combination of the
atrial pressure resulting from atrial contraction and the
passive pressure build-up and 1s higher than an atrial pres-
sure of the atrium would be without the stimulation; and (2)
second stimulation pulses that do not provide an atrial
pressure resulting from atrial contraction of an atrium that
overlaps 1n time a passive pressure build-up of the atrium.

The at least one stimulation pulse may include pacing at
least one of the atrium of the heart and a ventricle of the
heart such that a relative timings of excitation corresponds
to an atrioventricular delay of approximately 2 ms.

The at least one stimulation pulse may include pacing at
least one of the atrium of the heart and a ventricle of the
heart such that a relative timing of excitation corresponds to
an atrioventricular delay of between approximately 30 ms
and approximately 0 ms, or even between 10 ms and 0 ms.

In another aspect, an embodiment provides a method for
reducing blood pressure of a patient by controlling atrial
pressure and atrial stretch. The method may be carried out
with an implanted heart muscle stimulator associated with a
heart of the patient. The method may include stimulating the
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heart to provide an atrial pressure resulting from atrial
contraction that overlaps 1n time a passive pressure build-up
of the atrium, such that the overlapping atrial pressure
resulting from the atrial contraction and passive pressure
build-up elicits an atrial pressure that 1s a combination of the
atrial pressure resulting from atrial contraction and the
passive pressure build-up and 1s higher than an atrial pres-
sure of the atrium would be without the stimulation, and
such that the blood pressure of the patient 1s reduced.

The atrial pressure of the atrium resulting from the
stimulation may cause an increased atrial stretch of the
atrium that reduces blood pressure through hormonal or
neuronal pathways.

The atrial pressure resulting from atrial contraction may
culminate 1n a maximum atrial pressure resulting from atrial
contraction. The passive pressure build-up of the atrium may
culminate 1n a maximum passive pressure build-up of the
atrium. Alternatively or additionally, overlapping in time an
atrial pressure resulting from atrial contraction of an atrium
and a passive pressure build-up of the atrium may include
overlapping 1n time both a maximum atrial pressure result-
ing from atrial contraction and a maximum passive pressure
build-up. In some embodiments, overlapping the aforemen-
tioned maxima may result 1n a combined atrial pressure (of
the atrial pressure resulting from atrial contraction and the
passive pressure build-up) that 1s higher than an atrial
pressure of the atrium would be without the stimulation. The
method may therefore include stimulating the heart such that
a maximum of atrial pressure resulting from atrial contrac-
tion of an atrmum overlaps in time a maximum passive
pressure build-up of the atrium.

The method may include stimulating the atrium of the
heart. The method may include additionally or alternatively
stimulating a ventricle of the heart. The method may also
include pacing the atrium and the ventricle at a substantially
equal rate, or pacing the atrium at a rate higher than a rate
at which the ventricle 1s paced or contracts.

The method may further include stimulating the atrium
such that the atrium contracts twice during a single cardiac
cycle, for example, either by stimulating the atrium twice
during a single cardiac cycle or by stimulating the atrium
once during a single cardiac cycle.

Optionally, the method may include stimulating the
atrium such that the atrium contracts only once during a
single cardiac cycle.

The method may also include stimulating the heart such
that atrial kick 1s reduced or prevented. Stimulating the heart
may 1nclude delivering a stimulation pattern to the heart at
a plurality of heartbeats, wherein at least some of the
stimulation pulses in the stimulation pattern stimulate the
heart such that an atrial pressure resulting from atrial con-
traction of an atrium overlaps 1n time a passive pressure
build-up of the atrium, such that an atrial pressure of the
atrium resulting from the stimulation 1s a combination of the
atrial pressure resulting from atrial contraction and the

passive pressure build-up and 1s higher than an atrial pres-
sure of the atrium would be without the stimulation, and
wherein at least some of the stimulation pulses are config-
ured to reduce or prevent atrial kick. A stimulation pulse
may be provided such that in a single heartbeat both atrial
kick 1s reduced or prevented and an atrial pressure resulting
from atrial contraction of an atrium overlaps in time the
passive pressure build-up of the atrium such that an atrial
pressure of the atrium resulting from the stimulation 1s a
combination of the atrial pressure resulting from atrial
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contraction and the passive pressure build-up and i1s higher
than an atrial pressure of the atrtum would be without the
stimulation.

Stimulating the heart may include delivering at least one
stimulation pulse set to have 1n a single heartbeat a first atrial
contraction to commence when an atrioventricular valve 1s
open and end aifter the atrioventricular valve 1s closed, and
to elicit a second atrnial contraction in which an atrial
pressure resulting from atrial contraction of an atrium over-
laps 1n time a passive pressure build-up of the atrium, such
that an atrial pressure of the atrium resulting from the
stimulation 1s a combination of the atrial pressure resulting
from atrial contraction and the passive pressure build-up and
1s higher than an atrial pressure of the atrium would be
without the stimulation. The first atrial contraction may be
sensed and the second atrial contraction may be paced.
Alternatively, the first atrial contraction and the second atrial
contraction may be paced.

Alternatively, stimulating the heart may include deliver-
ing at least one stimulation pulse set to have 1n a single
heartbeat a first atrial contraction to commence when an
atrioventricular valve 1s open and end before the atrioven-
tricular valve 1s closed, and to elicit a second atrial contrac-
tion 1 which an atrial pressure resulting from atrial con-
traction of an atrium overlaps in time the passive pressure
build-up of the atrium, such that an atrial pressure of the
atrium resulting from the stimulation 1s a combination of the
atrial pressure resulting from atrial contraction and the
passive pressure build-up and 1s higher than an atrial pres-
sure of the atrium would be without the stimulation. The first
atrial contraction may be sensed and the second atrial
contraction may be paced. Alternatively, the first atrial
contraction and the second atrial contraction may be paced.

The method may further include alternating between a
plurality of stimulation patterns having a diflerent ratio of:
(1) first stimulation pulses that stimulate the heart such that
an atrial pressure resulting from atrial contraction of an
atrium overlaps 1n time a passive pressure build-up of the
atrtum, such that an atrial pressure of the atrium resulting
from the stimulation 1s a combination of the atrial pressure
resulting from atrial contraction and the passive pressure
build-up and 1s higher than an atrial pressure of the atrium
would be without the stimulation; and (2) second stimulation
pulses that stimulate the heart such that atrial kick 1s reduced
or prevented. Optionally, the one or more stimulation pat-
terns may include at least one stimulation pulse configured
to reduce or prevent atrial kick and stimulate the heart such
that an atrial pressure resulting from atrial contraction of an
atrium overlaps 1in time a passive pressure build-up of the
atrtum, such that an atrial pressure of the atrium resulting
from the stimulation 1s a combination of the atrial pressure
resulting from atrial contraction and the passive pressure
build-up and 1s higher than an atrial pressure of the atrium
would be without the stimulation, both 1n a single cardiac
cycle.

The method may further include alternating between a
plurality of stimulation patterns having a different ratio of:
(1) first stimulation pulses that stimulate the heart such that
an atrial pressure resulting from atrial contraction of an
atrium overlaps in time a passive pressure build-up of the
atrtum, such that an atrial pressure of the atrium resulting
from the stimulation 1s a combination of the atrial pressure
resulting from atrial contraction and the passive pressure
build-up and 1s higher than an atrial pressure of the atrium
would be without the stimulation; and (2) second stimulation
pulses that do not provide an atrial pressure resulting from
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atrial contraction of an atrium that overlaps in time a passive
pressure build-up of the atrium.

The method may further include pacing at least one of the
atrium of the heart and a ventricle of the heart such that a
relative timing of excitation corresponds to an atrioventricu-
lar delay of approximately 2 ms.

The method may further include pacing at least one of the
atrium of the heart and a ventricle of the heart such that a
relative timing of excitation corresponds to an atrioventricu-
lar delay of between approximately 30 ms and approxi-
mately O ms.

In another aspect, an embodiment provides a method for
reducing blood pressure of a patient, which may be carried
out with an implanted heart muscle stimulator associated
with a heart of the patient. The method may include deliv-
ering one or more stimulation patterns of stimulation pulses
to at least one cardiac chamber of the heart of the patient. At
least one of the stimulation pulses may have a first stimu-
lation setting and at least one of the stimulation pulses may
have a second stimulation setting different from the first
stimulation setting. At least one of the {first stimulation
setting and the second stimulation setting may be configured
to reduce or prevent atrial kick. Stimulation pulses having a
stimulation setting configured to reduce or prevent atrial
kick may be delivered based upon need.

Basing the delivery of stimulation pulses upon need may
include one or more of the following;

a. Limiting the treatment to a time of need, for example,

limiting the delivery of a stimulation setting configured
to reduce or prevent atrial kick to a time when a
patient’s blood pressure 1s known to be or 1s expected
to be abnormally high. This may include using real time
feedback measurements of one or more blood pressure
related parameters or basing an expected pattern of
need on previous measurements taken from the same
patient. For example, 1n some patients BP can be high
24 hours per day, while other patients may experience
high BP only during a part of a 24-hour period (e.g.,
daytime or nighttime).

b. Preventing treatment when high BP 1s needed, for
example, preventing the delivery of a stimulation set-
ting configured to reduce or prevent atrial kick at such
times as an increase 1 BP may be a healthy and thus
a desired condition. For example, BP 1s known to
increase when one 1s active and to reduce again when
activity 1s reduced (e.g., when exercising or performing
a physical task that 1s naturally associated with an
increase in BP).

Stimulation pulses having a stimulation setting configured
to reduce or prevent atrial kick may be provided only during
part of a 24-hour period, which may be a night or part
thereof, or may be a day or part thereof.

Stimulation pulses having a stimulation setting configured
to reduce or prevent atrnial kick may be provided only when
heart rate 1s below a predefined threshold. The predefined
threshold may be an absolute value, such as 90 bpm. The
predefined threshold may be set at a value relative to the
patient’s average heart rate. For example, the predefined
threshold may be at least one of 30 beats above average heart
rate and above the 80” percentile of the heart rate.

Stimulation pulses having a stimulation setting configured
to reduce or prevent atrial kick may be provided only when
the patient 1s at rest or at an activity level below a defined
threshold. The method may further include determiming
whether the patient 1s at rest or at an activity level below a
defined threshold by sensing at least one of motion, posture,
respiration rate, and heart rate.
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Optionally, the patient may be deemed to be “at rest” or
“at a low activity level” when the patient’s activity 1s low.
For example, as long as the heart rate does not exceed a
predefined threshold or only low activity 1s sensed (charac-
terized, for example, by mild and/or slow motion and/or low
rate ol posture change and/or no significant increase in
respiration, etc.), a patient may be considered “at rest” or “at
a low activity level.” For example, sitting activity such as
while reading or talking, or motion around the house or at an
oflice, may be deemed to be a sufliciently low activity level
as to allow the delivery of stimulation pulses having a
stimulation setting configured to reduce or prevent atrial
kick.

The one or more stimulation patterns may be selected
based on a measured blood pressure parameter. The method
may further include changing the one or more stimulation
patterns when baroreflex 1s sensed.

In another aspect, an embodiment provides a system for
reducing blood pressure of a patient including a stimulation
circuit configured to deliver one or more stimulation patterns
of stimulation pulses to at least one cardiac chamber of the
heart of the patient, and at least one controller configured to
execute the delivery of the one or more stimulation patterns
of stimulation pulses to the at least one cardiac chamber. At
least one of the stimulation pulses may have a first stimu-
lation setting and at least one of the stimulation pulses may
have a second stimulation setting different from the first
stimulation setting. At least one of the first stimulation
setting and the second stimulation setting may be configured
to reduce or prevent atrial kick. Stimulation pulses having a
stimulation setting configured to reduce or prevent atrial
kick may be delivered based upon need.

The at least one controller may be configured to deliver
the stimulation pulses having a stimulation setting config-
ured to reduce or prevent atrial kick, only during part of a
24-hour period. The part of a 24-hour period may be a night
or part thereol, or may be a day or part thereof.

The at least one controller may be configured to deliver
the stimulation pulses having a stimulation setting config-
ured to reduce or prevent atrial kick, only when heart rate 1s
below a predefined threshold. The predefined threshold may
be an absolute value, such as 90 bpm. The predefined
threshold may be set at a value relative to the patient’s
average heart rate. For example, the predefined threshold
may be at least one of 30 beats above average heart rate and
above the 807 percentile of the heart rate.

The at least one controller may be configured to deliver
the stimulation pulses having a stimulation setting config-
ured to reduce or prevent atrial kick, only when the patient
1s at rest or at a low activity level. The system may be
configured to determine whether the patient 1s at rest or at a
low activity level by sensing at least one of motion, posture,
respiration rate, and heart rate.

The at least one controller may be configured to select the
one or more stimulation patterns based on a measured blood
pressure parameter. The at least one controller may be
configured to change the one or more stimulation patterns
when baroretlex 1s sensed.

In another aspect, an embodiment may provide a method
for adjusting a pulse setting 1n a system for controlling blood
pressure. The method may include receiving atrial pressure
data associated with an atrium of a heart of a patient during
at least one cardiac cycle. The atrial pressure data may result
from the system’s delivering to the heart a stimulation pulse
having a first pulse setting. The method may further com-
prise analyzing the atrial pressure data, and providing an
adjusted second pulse setting according to the analysis, with
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the adjusted second pulse setting being different from the
first pulse setting. The analyzing may include analyzing the
atrial pressure data to estimate an overlap 1n time between an
atrial pressure resulting from atrial contraction and a passive
pressure build-up of the atrium. The analyzing may further
include analyzing the atrial pressure data to estimate an
overlap in time between a maximum atrial pressure resulting
from atrial contraction and a maximum passive pressure
build-up of the atrium. The analyzing may include analyzing
the atrial pressure data to compare a first atrial pressure (or
a maximal atrial pressure) attained 1n a cardiac cycle where
a stimulation pulse was delivered, to a second atrial pressure
of the atrium without the stimulation. The analyzing may
also include plotting the atrial pressure data and/or math-
ematically analyzing the atrial pressure data.

In another aspect, an embodiment may provide a system
for reducing blood pressure. The system may include means
for providing information about pressure variation in an
atrium during at least one cardiac cycle of a heart, means for
generating stimulation pulses, and means for applying the
stimulation pulses to at least one cardiac chamber. The
means for generating stimulation pulses may be arranged to
generate the stimulation pulses so as to control the timing of
an atrial contraction relative to the timing of a ventricular
contraction 1n a single cardiac cycle according to the infor-
mation about pressure variation in the atrium.

The information about pressure variation 1 an atrium
may 1include information about occurrence of an atrial
contraction and/or information about occurrence of a ven-
tricular contraction. The means for generating stimulation
pulses may be arranged for generating for at least one
cardiac cycle: at least one atrial stimulation pulse for gen-
erating an atrial contraction; and/or at least one ventricular
stimulation pulse for generating a ventricular contraction.
The means for generating stimulating pulses may be
arranged: for generating the at least one atrial stimulation
pulse, on the basis of the information about the occurrence
of the atrial contraction and/or the information about the
occurrence of the ventricular contraction, in a timed rela-
tionship to the occurrence of the atrial contraction and/or to
the occurrence of the ventricular contraction; and/or for
generating the at least one ventricular stimulation pulse on
the basis of the information about the occurrence of the
ventricular contraction and/or the information about the
occurrence of the atrial contraction, in a timed relationship
to the occurrence of the ventricular contraction and/or to the
occurrence of the atrial contraction. The information about
the occurrence of the atrial contraction may include infor-
mation about the occurrence of a P wave pattern in the
natural stimulation pattern of a cardiac cycle. The informa-
tion about the occurrence of the ventricular contraction may
include information about the occurrence of a QRS complex
in the natural stimulation pattern of a cardiac cycle.

In another aspect, an embodiment may provide a system
for reducing blood pressure. The system may include means
for providing information about timing of one or more heart
activity events, means for generating stimulation pulses, and
means for applying the stimulation pulses to at least one
cardiac chamber. The information about timing of one or
more heart activity events may include at least one of:
occurrence of an atrial contraction of an atrium, occurrence
of a ventricular contraction of a ventricle, opening of an
atrioventricular valve, closure of an atrioventricular valve,
clectrical activity of the atria, electrical activity of the
ventricle, blood tlow, atrial pressure of the atrium, changes
in atrial pressure of the atrium, and heart rate. The means for
generating stimulation pulses may be arranged to generate
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the stimulation pulses so as to set a timing of atrial contrac-
tion relative to ventricular contraction based on the infor-
mation.

The timing of atrial contraction relative to ventricular
contraction may correspond to an AV delay within a range
of about 30 ms to about 0 ms. The means for generating
stimulation pulses may be arranged to generate the stimu-
lation pulses so as to: provide an excitatory stimulus to the
atrium within a range of about 30 ms to about 0 ms before
ventricular excitation occurs; provide an excitatory stimulus
to the ventricle within a range of about 30 ms to about 0 ms
after atrial excitation occurs; and/or provide an excitatory
stimulus to the atrium and then within a range of about 30
ms to about 0 ms later provide an excitatory stimulus to the
ventricle.

The information about timing of one or more heart
activity events may include information about timing
between two or more heart activity events 1n a single cardiac
cycle.

The means for generating stimulation pulses may be
arranged for generating for at least one cardiac cycle: at least
one atrial stimulation pulse for generating an atrial contrac-
tion; and/or at least one ventricular stimulation pulse for
generating a ventricular contraction. The means for gener-
ating stimulating pulses may be arranged: for generating the
at least one atrial stimulation pulse, on the basis of the
information about the occurrence of the atrial contraction
and/or the information about the occurrence of the ventricu-
lar contraction, 1n a timed relationship to the occurrence of
the atrial contraction and/or to the occurrence of the ven-
tricular contraction; and/or for generating the at least one
ventricular stimulation pulse on the basis of the information
about the occurrence of the ventricular contraction and/or
the information about the occurrence of the atrial contrac-
tion, 1n a timed relationship to the occurrence of the ven-
tricular contraction and/or to the occurrence of the atrial
contraction. The information about the occurrence of the
atrial contraction may include information about the occur-
rence of a P wave pattern in the natural stimulation pattern
of a cardiac cycle. The mformation about the occurrence of
the ventricular contraction may include information about
the occurrence of a QRS complex in the natural stimulation
pattern of a cardiac cycle.

In another aspect, an embodiment provides another
method for reducing blood pressure of a patient by control-
ling atrial pressure and atrial stretch. The method may be
carried out with an implanted heart muscle stimulator asso-
ciated with a heart of the patient. The method may 1nclude
delivering one or more stimulation patterns of stimulation
pulses to at least one cardiac chamber, wherein at least one
of the stimulation pulses has a first stimulation setting and at
least one of the stimulation pulses has a second stimulation
setting different from the first stimulation setting, at least one
of the first stimulation setting and the second stimulation
setting being configured to have an atrium contract such that
an atrial pressure resulting from atrial contraction of an
atrium overlaps 1n time a passive pressure build-up of the
atrium; and providing, through the overlapping atrial pres-
sure resulting from atrial contraction and passive pressure
build-up, an atrial pressure of the atrium that 1s a combina-
tion of the atrial pressure resulting from atrial contraction
and the passive pressure build-up and is higher than an atrial
pressure ol the atrtum would be without the stimulation,
thereby causing increased atrial stretch of the atrium that
reduces blood pressure through hormonal or neuronal path-
ways. Optionally, at least one of the first stimulation setting,
and the second stimulation setting may be configured to
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have an atrium contract such that a maximum atrial pressure
resulting from atrial contraction overlaps in time a maxi-
mum passive pressure build-up in the atrium, and the
method may include providing, through the overlapping
maximum atrial pressure resulting from atrial contraction
and maximum passive pressure build-up, an atrial pressure
of the atrium that 1s higher than an atrial pressure of the
atrium would be without the stimulation, thereby causing
increased atrial stretch of the atrium that reduces blood
pressure through hormonal or neuronal pathways.

In another aspect, an embodiment provides a system for
reducing blood pressure of a patient by controlling atrial
pressure and atrial stretch. The system may include a stimu-
lation circuit configured to deliver one or more stimulation
patterns of stimulation pulses to at least one cardiac cham-
ber, and at least one controller configured to execute delivery
ol one or more stimulation patterns of stimulation pulses to
at least one cardiac chamber. At least one of the stimulation
pulses may have a first stimulation setting and at least one
of the stimulation pulses may have a second stimulation
setting different from the first stimulation setting. At least
one of the first stimulation setting and the second stimulation
setting may be configured to have an atrium of the heart
contract such that an atrial pressure resulting from atrial
contraction of an atrium overlaps in time a passive pressure
build-up of the atrium, thereby providing an atrial pressure
of the atrium that 1s a combination of the atrial pressure
resulting from atrial contraction and the passive pressure
build-up and 1s higher than an atrial pressure of the atrium
would be without the stimulation, thereby causing increased
atrial stretch of the atrium that reduces blood pressure
through hormonal or neuronal pathways. Optionally, at least
one of the first stimulation setting and the second stimulation
setting may be configured to have an atrium of the heart
contract such that a maximum atrial pressure resulting from
atrial contraction overlaps 1 time a maximum passive
pressure build-up in the atrium, thereby providing an atrial
pressure of the atrium that i1s higher than an atrial pressure
of the atrtum would be without the stimulation, and causing
increased atrial stretch of the atrium that reduces blood
pressure through hormonal or neuronal pathways.

In another aspect, an embodiment provides a method for
treating a blood pressure disorder 1n a patient by controlling
atrial pressure and atrial stretch. The method may be carried
out with an implanted heart muscle stimulator associated
with a heart of the patient, with the patient having a
pretreatment blood pressure. The method may include
stimulating the heart to have an atrium thereof contract
while a heart valve associated with the atrium 1s closed such
that the contraction distends the atrium, and the distending
atrium results 1n reducing the patient’s blood pressure from
the pretreatment blood pressure, preferably by causing the
atrium to contract at a time when pressure in a ventricle 1s
maximal so that active force of atrial contraction increases
atrial pressure and stretch above maximal passive pressure
and stretch caused by contraction of the ventricle.

In another aspect, an embodiment provides a system for
reducing blood pressure. The system may comprise at least
one stimulation electrode for stimulating at least one cham-
ber of a heart of a patient with a stimulation pattern
comprising at least one stimulation pulse. The system may
include at least one controller configured to receive mput
relating to the patient’s blood pressure and adjust the stimu-
lation pattern based on said blood pressure. For example, the
input may include receiving data sensed by one or more
sensors (1mplanted or external) and/or receiving data pro-
vided by a user. For example, during implantation and/or
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periodic checks, a user may provide data regarding mea-
sured blood pressure. Optionally, the system includes an
input port for receiving this input by wired and/or wireless
communication from a measuring sensor and/or a user
interface. The mput may comprise data relating to blood
pressure (BP) or a change 1n BP, which may be measured as
systolic BP (SysBP), diastolic BP, mean arterial BP, and/or
any other related BP parameter. For example, at least one
sensor may sense the pressure or changes of pressure 1n one
or more cardiac chambers and adjust the stimulation pattern
based on the pressure or changes in pressure. In another
embodiment, the sensor may sense the pressure in more than
one chamber and adjust the stimulation based on the relation
between the pressure wavelorms of the two chambers.

The controller may be configured to adjust the stimulation
pattern by performing an adjustment process that icludes
adjusting a parameter of a first stimulation setting of at least
one of the at least one stimulation pulse.

The first stimulation setting may be configured to reduce
or prevent atrial kick in at least one ventricle.

The parameter may include the adjustment of the AV
delay. For example, a natural AV delay may be a range of
120 to 200 ms between the onset of atrial excitation and the
onset of ventricular excitation, whether occurring naturally
(1.e., without the delivery of a stimulus to the heart) or by
setting the timing of the delivery of stimuli to one or more
of the atrtum and ventricle. Optionally, adjusting the AV
delay means adjusting 1t from a normal AV delay (of, for
example, 120 ms) to a shorter AV delay (for example, O to
70 ms from the onset of atrial excitation to onset of ven-
tricular excitation; or an AV delay of 0 to -=50 ms 1n which
the ventricular excitation occurs before atrial excitation). In
an embodiment, a stimulation setting having an AV delay of
between —50 ms to 70 ms, preferably —40 ms to 60 ms, more
preferably =50 ms to 0 or 0 to 70 ms, preferably >0 to 70 ms,
1s chosen to reduce or prevent atrial kick.

The stimulation pattern that 1s configured to reduce atnal
kick may be configured to cause a reduction in blood
pressure by at least a predetermined amount within about 3
sec from an application of electricity to the heart, and to
maintain a reduction in blood pressure for a time 1nterval of
at least 1 minute. For example, a stimulation pattern may be
selected and/or adjusted based on feedback relating to one or
more sensed BP parameters.

The time 1nterval may be at least 5 minutes.

The predetermined amount of blood pressure reduction
may be 8 mmHg or more.

The predetermined amount of blood pressure reduction
may be at least 4% of the patient’s pretreatment blood
pressure.

The patient’s blood pressure may not exceed a predeter-
mined average value during the time interval by more than
a predetermined degree. The predetermined degree may be
a difference of about 8 mmHg or less. In some embodiments,
a patient’s blood pressure may exceed a predetermined
average value for some heartbeats, but the patient’s average
blood pressure may not exceed the predetermined average
value.

The controller may be configured to execute a plurality of
stimulation patterns and receive for each of the stimulation
patterns a corresponding mput data relating to the patient’s
blood pressure during the stimulation. The controller may be
configured to calculate for each of the plurality of stimula-
tion patterns at least one blood pressure variation parameter
relating to the mput data. The controller may be configured
to adjust the stimulation pattern according to the blood
pressure variation parameter.
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The controller may be configured to adjust the stimulation
pattern to be the one with the best blood pressure variation
parameter.

The best blood pressure variation parameter may be one
that displays the lowest degree of baroretlex, or the lowest
degree or rate of adaptation as detailed herein.

The best blood pressure variation parameter may be one
that displays a baroreflex or degree of adaptation within a
predetermined range as detailed herein.

The at least two stimulation patterns of the plurality of
stimulation patterns may each comprise at least one stimu-
lation pulse having a stimulation setting configured to
reduce or prevent atrial kick 1n at least one ventricle and/or
to control atrial pressure and/or stretch. The at least two
stimulation patterns may difler one from another by the
number of times or the length of time the at least one
stimulation pulse 1s provided 1n sequence.

The plurality of stimulation patterns may difler by the
number of times or the length of time that the system 1s
configured to elicit a predetermined AV delay 1n sequence.

The at least two stimulation patterns of the plurality of
stimulation patterns may differ from another by one or more
stimulation settings included within each of the at least two
stimulation patterns.

The plurality of stimulation patterns may include a first
stimulation pattern and a second stimulation pattern
executed after the first stimulation pattern. The second
stimulation pattern may have at least one stimulation setting
that was set based on an algorithm using blood pressure
variation parameters relating to the mput data of the first
stimulation pattern.

The system may comprise a blood pressure sensor for
providing the mput data relating to the patient’s blood
pressure.

-

T'he blood pressure sensor may be implantable.
The blood pressure sensor and the controller may be
configured to operate at least partially as a closed loop.

In another aspect, an embodiment provides a system for
reducing blood pressure. The system may comprise at least
one stimulation electrode for stimulating at least one cham-
ber of a heart of a patient with a stimulation pulse. The
system may comprise a controller. The controller may be
configured to provide a first stimulation pattern comprising
at least one stimulation setting configured to reduce or
prevent atrial kick in at least one ventricle for a first time
interval and to recerve a first input data relating to a patient’s
blood pressure during said first time interval. The controller
may be configured to calculate at least one blood pressure
variation parameter relating to the first mput data. The
controller may be configured to adjust at least one parameter
of a second stimulation pattern comprising a second stimu-
lation setting configured to reduce or prevent atrial kick 1n
at least one ventricle. The second stimulation setting may be
based upon the at least one blood pressure variation param-
cter. The controller may be configured to provide the second
stimulation pattern for a second time 1nterval.

In another aspect, an embodiment may provide a system
for reducing blood pressure. The system may comprise at
least one stimulation electrode for stimulating at least one
chamber of a heart of a patient with a stimulation pulse. The
system may comprise at least one controller configured to
execute a stimulation pattern comprising at least one stimu-
lation setting configured to reduce or prevent atrial kick 1n
at least one ventricle. The stimulation pattern may be
selected to cause an immediate reduction 1n blood pressure

from an 1mitial pressure value to a reduced pressure value
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and to maintain a patient’s average blood pressure at rest at
least 8 mmHg below the 1nitial pressure.

The reduced blood pressure value may be maintained for
a time 1nterval of at least 1 minute.

In another aspect, an embodiment provides a kit for
reducing blood pressure. The kit may comprise at least one
device for setting a stimulation pattern for reducing blood
pressure. The device may comprise at least one stimulation
clectrode. The device may comprise a controller for setting
an adjustable stimulation pattern and a set of istructions for
adjusting the stimulation pattern based on mnput relating to
patient blood pressure.

In another aspect, an embodiment provides a system for
reducing blood pressure. The system may comprise at least
one stimulation electrode for stimulating at least one cham-
ber of a heart of a patient. The system may comprise at least
one controller configured to execute a stimulation pattern
comprising at least one stimulation pulse having at least one
stimulation setting configured to reduce or prevent atrial
kick 1n at least one ventricle. The at least one stimulation
setting may be configured such that maximum atrial stretch
1s at a value that 1s about equal to or lower than the
maximum atrial stretch of the same heart when not receiving
stimulation.

In any of the embodiments described herein, atrial stretch
may be measured, calculated, and/or estimated as known in
the art. Atrium contraction 1s known to aflect atrial pressure
and atrial stretch. The pressure and the stretch of an atrium
depend on atrial volume, which depends on the amount of
blood 1nside the atrium and the active force generated by the
contraction of the muscle. In a healthy heart, as the atrium
contracts, atrial pressure builds up. Atrial pressure drops
when atrial contraction stops and blood 1s flowing out of the
atrium to fill the ventricle. Then, when the ventricles con-
tract, the AV valve closes and the atrium starts to fill again,
since there 1s no valve that prevents the flow of blood from
the venous system to the atrium. Pressure generated in the
ventricle also increases atrial pressure via various mecha-
nisms, one of which relates to the bulging of the AV valve
into the atria. An increase in atrial pressure that occurs
against a closed AV valve will also increase atrial stretch that
relates to atrial volume and atrial pressure. The contraction
of the atrium when the AV valve 1s closed increases both
atrial pressure and atrial stretch since the closed valve
prevents reduction in volume. An increase 1n stretch in the
atrtum stimulates baroreceptors (also known as stretch
receptors) present in the atrium wall. These baroreceptors
are involved 1n hormonal and/or neuronal reduction of blood
pressure. Accordingly, 1n some embodiments, atrial stretch
determination may include measuring atrial pressure. In
some embodiments, atrial stretch determination may include
measuring or estimating the dimension of an atrium (e.g.,
diameter, size, or circumierence). In some cases, when a
single atrial contraction occurs per cardiac cycle, the amount
of blood 1n the atrium 1s expected to be larger than when the
atrium contracts twice during a single cardiac cycle. Thus, 1f
atrial contraction 1s performed once per cardiac cycle, and
atrial contraction 1s fully against a closed valve, atrial
pressure and/or atrial stretch may be higher than 1n cases
when the atrium contracts twice per cycle. However, when
the atrium contracts only against a closed valve there 1s also
no atrial kick, and 1n some embodiments a balance may be

struck (per cardiac cycle and/or per pacing pattern) between
values set for atrial pressure (and atrial stretch) and atrial

kick.
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The at least one stimulation setting may be configured to
cause an atrium to be at maximum contraction when the AV
valve 1s open.

The at least one stimulation setting may be configured to
alter the mechanics of at least one atrial contraction such that
the mechanics of the at least one atrial contraction are
different from the mechanics of a previous natural atrial
contraction. The mechanics of atrial contraction may be
assessed using any known technique including, for example,
ultrasound (e.g., echocardiography or cardiac echo).

The at least one stimulation setting may be configured to
reduce the force of at least one atrial contraction. The force
of atrial contraction may be reduced, for example, by
temporarily generating atrial spasm or atrial flutter. One
example 1s the delivery of a burst of rapid stimulation pulses
to the atrium for a short period of predefined time. The force
of atrial contraction can be calculated from sensing of atrial
pressure and/or a denivative thereof such as wall motion or
flow using any known means. Such sensing may be used as
a Teedback 1n a closed loop and/or occasionally (e.g., upon
implantation and/or checkups).

The at least one stimulation setting may be configured to
prevent at least one atrial contraction. Atrial contraction may
be prevented, for example, by temporarily generating atrial
spasm or atrial flutter. One example 1s the delivery of a burst
of rapid stimulation pulses to the atrium for a short period of
predefined time.

In another aspect, an embodiment provides a system for
reducing blood pressure. The system may comprise at least
one stimulation electrode for stimulating at least one cham-
ber of a heart of a patient. The at least one controller may be
configured to execute a stimulation pattern of stimulation
pulses to the heart of a patient. The at least one controller
may be configured to receive mput relating to the patient’s
AV valve status. This mput may be provided by wired or
wireless communication ifrom an implanted or external
acoustic sensor or blood flow sensor and/or via a user
interface. The at least one controller may be configured to
adjust the at least one stimulation pattern based on said valve
status.

The nput relating to the patient’s AV valve status may be
indicative of the timing of closure of the AV valve.

The nput relating to the patient’s AV valve status may be
provided based on a heart sound sensor.

The mnput relating to the patient’s AV valve status may be
provided based on a blood flow sensor.

The blood flow sensor may 1nclude an implanted sensor.
T'he blood flow sensor may include an ultrasound sensor
for sensing blood flow through the AV valve.

The blood flow sensor and the controller may be config-
ured to operate at least partially as a closed loop.

The stimulation pattern may comprise at least one stimu-
lation pulse configured to reduce or prevent the atrial kick 1n
at least one ventricle.

The step of adjusting the at least one stimulation pattern
may include adjusting the AV delay of at least one stimu-
lation pulse.

In another aspect, an embodiment provides a system for
reducing ventricular filling volume in a patient having a
pretreatment ventricular filling volume. The system may
comprise a stimulation circuit configured to deliver a stimu-
lation pulse to at least one cardiac chamber. The system may
comprise at least one controller configured to execute the
delivery of one or more stimulation patterns of stimulation
pulses to at least one cardiac chamber. At least one of the
stimulation pulses may have a first stimulation setting and at
least one of the stimulation pulses may have a second

—
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stimulation setting different from the first stimulation set-
ting. At least one of the first stimulation setting and the
second stimulation setting may be configured to reduce or
prevent atrial kick, thereby reducing the ventricular filling
volume from the pretreatment ventricular filling volume.

The first stimulation setting and the second stimulation
setting may be configured to reduce or prevent atrial kick.

The first stimulation setting may have a different AV delay
than the AV delay of the second stimulation setting.

At least one of the one or more stimulation patterns may
be repeated at least twice 1n a period of one hour.

The at least one controller may be configured to execute
the one or more stimulation patterns consecutively for a time
interval lasting 10 minutes or longer. The first stimulation
setting may be configured to reduce or prevent atrial kick 1n
at least one ventricle for at least 50% of the time interval.

The second stimulation setting may have a longer AV
delay than the first stimulation setting.

The second stimulation setting has a longer AV delay than
the first stimulation setting.

The one or more consecutive stimulation patterns may
comprise at least one stimulation pulse having the first
stimulation setting for at least about 85% of the time
interval.

The time 1nterval may be at least 30 minutes long.

The time interval may be at least one hour long.

The time interval may be at least 24 hours long.

The one or more consecutive stimulation patterns may
comprise at least one stimulation pulse having a third
stimulation setting different from the first stimulation setting
and the second stimulation setting and configured to reduce
or prevent atrial kick 1n at least one ventricle.

The one or more consecutive stimulation patterns may
comprise at least one stimulation pulse having a third
stimulation setting different from the first stimulation setting
and the second stimulation setting and configured not to
reduce or prevent atrial kick 1n at least one ventricle for less
than about 50% of the time interval.

The one or more consecutive stimulation patterns may
comprise a third stimulation configured not to reduce or
prevent atrial kick 1n at least one ventricle for about 20% or
less of the time interval.

The one or more stimulation patterns may comprise a
sequence of 10-60 stimulation pulses having the first stimu-
lation setting. The first stimulation setting may be configured
to reduce or prevent atrial kick 1n at least one ventricle, and
a sequence ol 1-10 heartbeats embedded within the 10-60
stimulation pulses. The sequence of 1-10 heartbeats may
have a longer AV delay than the first stimulation setting.

The sequence of 1-10 heartbeats may include at least one
stimulation pulse having a first stimulation setting config-
ured to reduce or prevent atrial kick 1n at least one ventricle.

The sequence of 1-10 heartbeats may include at least one
stimulation pulse having a second stimulation setting.

The sequence of 1-10 heartbeats may include a natural AV
delay.

At least one heartbeat of the sequence of 1-10 heartbeats
may occur without stimulation.

The first stimulation setting may be configured to reduce
atrial kick 1n at least one ventricle and the second stimulation
setting may be configured to reduce the baroretlex response
or adaptation to the reduction in atrial kick such that the
increase 1n blood pressure values occurring between stimu-
lation pulses 1s limited to a predetermined value.

The second stimulation setting may be configured to
allow an 1ncrease 1n blood pressure for about 1 heartbeat to
S heartbeats.
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The stimulation pattern may include multiple stimulation
pulses having the first stimulation setting.

The stimulation pattern may include multiple stimulation
pulses having the second stimulation setting.

Between about 1% of the multiple stimulation pulses and
40% of the multiple stimulation pulses of the stimulation
pattern may have the second stimulation setting.

The stimulation pattern may include a ratio of stimulation

pulses having the first stimulation setting to the stimulation
pulses having the second stimulation setting that corre-
sponds to a ratio of time constants of a response to 1ncrease
and decrease 1n blood pressure.
The first stimulation setting may include a first AV delay
and the second stimulation setting may include a second AV
delay. The first AV delay may be shorter than the second AV
delay.

The stimulation pattern may include multiple stimulation
pulses having the first stimulation setting.

The stimulation pattern may include multiple stimulation
pulses having the second stimulation setting.

Between about 1% of the multiple stimulation pulses and
40% of the multiple stimulation pulses of the stimulation
pattern may have the second stimulation setting.

The stimulation pattern may include a ratio of stimulation
pulses having the first stimulation setting to the stimulation
pulses having the second stimulation setting that corre-
sponds to a ratio of time constants of the response to increase
and decrease 1n blood pressure.

The stimulation pattern may include a ratio of about 8 to
about 13 stimulation pulses having the first stimulation
setting to about 2 to about 5 the stimulation pulses having
the second stimulation setting.

One of the first stimulation setting and the second stimu-
lation setting may be configured to mmvoke a hormonal
response from the patient’s body.

In another aspect, an embodiment provides a system for
reducing ventricular filling volume of a patient having a
pretreatment ventricular filling volume. The system may
comprise a stimulation circuit configured to deliver a stimu-
lation pulse to at least one cardiac chamber. The system may
comprise at least one controller configured to execute the
delivery of one or more stimulation patterns of stimulation
pulses to at least one cardiac chamber. At least one of the
stimulation pulses may include a setting configured to cause
a ventricular excitation to commence between about 0 ms
and about 70 ms after the onset of atrial excitation, thereby
reducing the ventricular filling volume from the pretreat-
ment ventricular filling volume. For example, the processor
circuit may be configured to operate in an operating mode 1n
which one or more excitatory pulses are delivered to the
ventricle between about 0 ms and about 70 ms aiter the onset
of atrial excitation 1n at least one atrium occurs, or between
about O ms and about 70 ms after one or more excitatory
pulses are delivered to the atrium.

In some embodiments, the timing of a sensed atrial
excitation may be determined by taking into account a delay
between actual onset of excitation and the sensing thereof.
For example, 1f a sensing delay 1s estimated to be 20-40 ms,
and stimulation pulses are to be delivered 0-70 ms after
onset of atrial excitation, a system may be set to deliver
pulses between 40 ms before the next anticipated sensing
event to 30 ms ailter the next anticipated sensing event or 30
ms aiter the next sensing event. Likewise, 11 the stimulation
pulses are to be delivered to the ventricle 0-50 ms before
onset of atrial excitation, assuming the same 20-40 ms
sensing delay, a system may be set to deliver pulses between
40 ms before the next anticipated sensing event to 90 ms
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before the next anticipated sensing event. Sensing delays
may be due to one or more of a distance between the site of
onset of excitation and a sensing electrode, the level of the
clectrical signal, characteristics of the sensing circuit, and
the threshold set of a sensing event. The delay may include,
for example, the duration of the signal propagation from the
origin of excitation to the electrode location, the duration
related to the frequency response of the sensing circuit,
and/or the duration necessary for the signal propagation
energy to reach a level detectable by a sensing circuit. The
delay may be significant and can range, for example,
between about 5 ms to about 100 ms. One approach for
estimating the delay 1s to use the time difference between an
AV delay measured when both atrium and ventricle are
sensed and the AV delay when the atrium 1s paced and the
ventricle 1s sensed. Other approaches may use calculation of
the amplifier response time based on the set threshold, signal
strength, and frequency content. Other approaches may
include modifying the delay used with atrial sensing until
the effect on blood pressure 1s the same as the eflect obtained
by pacing both atrium and ventricle with the desired AV
delay.

In another aspect, a system 1s provided for reducing
ventricular filling volume 1n a patient having a pretreatment
ventricular filling volume. The system may include a stimu-
lation circuit configured to deliver a stimulation pulse to at
least one cardiac chamber. At least one controller may be
configured to execute the delivery of one or more stimula-
tion patterns of stimulation pulses to at least one cardiac
chamber for a time interval lasting 10 minutes or longer. At
least one of the stimulation pulses may have a first stimu-
lation setting configured to reduce or prevent atrial kick 1n
at least one ventricle for at least 5 minutes of the time
interval and at least one of the stimulation pulses has a
second stimulation setting diflerent from the first stimulation
setting, thereby reducing the ventricular filling volume from
the pretreatment ventricular filling volume.

In another aspect, a method 1s provided for reducing
ventricular filling 1n a patient having a pretreatment ven-
tricular filling volume. The method may include a step of
delivering one or more stimulation patterns of stimulation
pulses to at least one cardiac chamber for a time interval
lasting 10 minutes or longer. At least one of the stimulation
pulses may have a first stimulation setting configured to
reduce or prevent atrial kick 1n at least one ventricle for at
least 5 minutes of the time interval and at least one of the
stimulation pulses has a second stimulation setting different
from the first stimulation setting.

Other systems, methods, features, and advantages of the
invention will be, or will become, apparent to one of
ordinary skill in the art upon examination of the following
figures and detailed description. It 1s intended that all such
additional systems, methods, features and advantages be
included within this description and this summary, be within

the scope of the invention, and be protected by the following
claims.

BRIEF DESCRIPTION OF THE DRAWINGS

The 1invention can be better understood with reference to
the following drawings and description. The components in
the figures are not necessarily to scale, emphasis instead
being placed upon illustrating the principles of the inven-
tion. Moreover, 1n the figures, like reference numerals
designate corresponding parts throughout the different
VIEWS.
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FIG. 1 shows the systolic blood pressure of a hypertensive
patient receiving a stimulation signal, plotted against time;

FIG. 2 shows an enlarged view of the portion of FIG. 1
marked by dashed rectangle A;

FIG. 3A depicts an enlarged view of the portion of FIG.
2 between time point a and point a';

FIG. 3B depicts an enlarged view of the portion of FIG.
1 marked by dashed rectangle A';

FIG. 4 depicts an enlarged view of the portion of FIG. 1
marked by dashed rectangle B;

FIG. SA depicts an enlarged view of the portion of FIG.
1 marked by dashed rectangle C;

FIG. 5B depicts an enlarged view of the portion of FIG.
5A between time point ¢ and point c';

FIG. 6 shows the systolic blood pressure of a hypertensive
patient receiving a stimulation signal, plotted against time;

FIG. 7 shows the systolic blood pressure of a hypertensive
patient receiving a stimulation signal, plotted against time;

FIG. 8 1s a flow chart showing an exemplary method for
setting and/or selecting a stimulation pattern;

FIG. 9 1s a schematic diagram illustrating an exemplary
system for reducing blood pressure;

FIG. 10A shows a time plot including: electrocardiogram,
aortic pressure and left ventricular pressure of a healthy
canine heart;

FIG. 10B shows a time plot including; electrocardiogram,
aortic pressure and left ventricular pressure of a healthy
canine heart;

FIG. 11 A shows a time plot of a hypertensive canine heart,
including right atria pressure, magnified diastolic portion of
right ventricular pressure, right ventricular pressure and
clectrocardiogram;

FIG. 11B shows a time plot of a hypertensive canine heart,
including right atria pressure, magnified diastolic portion of
right ventricular pressure, right ventricular pressure and
clectrocardiogram:;

FIG. 12 shows a right atria pressure, magnified diastolic
portion of right ventricular pressure, right ventricular pres-
sure, left ventricular pressure and at the same graph aortic
pressure and an electrocardiogram of a hypertensive canine
heart:

FIG. 13 1s a flow chart showing an exemplary method for
reducing blood pressure;

FIG. 14 1s a flow chart showing an exemplary device for
reducing blood pressure, which may perform one or more of
the methods described herein, such as the methods of FIG.
13 and FIG. 23;

FIG. 15 1s a schematic diagram illustrating an artificial
valve according to an embodiment;

FIG. 16 shows the systolic blood pressure of a hyperten-
sive patient recerving a stimulation signal, plotted against
time;

FIG. 17 1s a graph showing ventricular volume, ventricu-
lar pressure, atrial pressure, and electrocardiogram (ECG)
plotted against time, highlighting the 1sovolumic phase and
rapid ejection phase of a single cardiac cycle;

FIG. 18 1s a set of graphs illustrating an electrocardiogram
(ECG), nght ventricle pressure (RV Press), right atrial
pressure (RA Press), aortic pressure (Ao Press), and left
ventricle pressure (LV Press) traced over a period of time in
which stimulation 1s changed from sinus rhythm to pacing of
an atria and a ventricle at an AV delay of 2 ms, showing a
significant increase 1n atrial pressure, according to an
embodiment;

FIG. 19 1s a set of graphs illustrating an electrocardiogram
(ECG), night ventricle pressure (RV Press), right atrial
pressure (RA Press), aortic pressure (Ao Press), and left
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ventricle pressure (LV Press) traced over a period of time 1n
which stimulation 1s changed from sinus rhythm to pacing of

an atria and a ventricle at an AV delay of 40 ms, showing no
significant 1ncrease 1n atrial pressure;

FIGS. 20A-20C are graphs of atrial pressure over time,
illustrating different degrees of overlapping between an
atrial pressure resulting from an atrial contraction and pas-
s1ve pressure build-up in the atrium taking place at different
time 1ntervals between them, with FIG. 20A illustrating an
example of no overlap between atrial pressure resulting from
an atrial contraction and passive pressure build-up in the
atrium, with FIG. 20B 1illustrating an example for combining
an atrial pressure resulting from an atrial contraction and
passive pressure build-up 1n the atrium at a delay of 30 ms
between their onsets, and with FIG. 20C comparatively
illustrating different degrees of overlap due to delays of 0,
10, 20, 30, 40, 50 and 60 ms;

FIG. 21 1s a graph plotting a patient’s average blood
pressure during a 24-hour period;

FIG. 22 1s a graph plotting a patient’s average blood
pressure during a 24-hour period, when not treated and when
treated according to an embodiment; and

FIG. 23 15 a flow chart showing an exemplary method for
controlling atrial pressure and atrial stretch, according to an
embodiment.

DETAILED DESCRIPTION

The human heart comprises two atria and two ventricles.
In a normal heart cycle, cardiac contraction begins with
atrial contraction, which 1s followed by contraction of the
ventricles.

The mechanical process of cardiac contraction 1s con-
trolled by conduction of electricity in the heart. During each
heartbeat, a wave of depolarization 1s triggered by cells in
the sinoatrial node. The depolarization propagates in the
atria to the atrioventricular (AV) node and then to the
ventricles. In a healthy heart, atrioventricular delay (A
delay), 1.e., the delay time between the onset of atrial
excitation and the onset of ventricular excitation, 1s normally
between 120 milliseconds (ms) and 200 ms. The relative
timing of the atrial contraction and the ventricular contrac-
tion 1s aflected inter alia by the relative timing of excitation
of each chamber and by the time needed by the chamber to
generate mechanical contraction as a result of the electrical
activation (depending on size, speed of propagation, difler-
ences 1 myocyte properties, etc.).

Betfore contraction, the heart muscle 1s relaxed and blood
flows freely into the ventricles from the atria, through a
valve between them. This period can be divided 1nto a rapid
filling phase and a slow filling phase. The rapid filling phase
commences just after the relaxation of the ventricle, during
which blood from the venous system and the atria rapidly
fills the ventricle. The rapid filling phase lasts for approxi-
mately 110 ms and 1s followed by the slow filling phase,
which lasts until the start of the contraction of the atria. The
duration of the slow filling phase depends on the heart rate.
Thereatter, as an atrium contracts, pressure increases in the
atrtum and causes blood to flow more rapidly into the
ventricle. This contribution of atrial contraction to ventricle
filling 1s known as the “atrial kick.” Atrial kick 1s normally
responsible for about 10%-30% of ventricle filling.

FIG. 17 illustrates changes in ventricular volume, ven-
tricular pressure, atrial pressure, and cardiac electrical activ-
ity over time through a single cardiac cycle. As used herein,
a cardiac cycle 1s a period of time between two relaxations
of the ventricle, between which only a single contraction of
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the ventricle takes place. The duration of the cardiac cycle
1s 1nversely proportional to the heart rate, such that the
cardiac cycle duration increases as the heart rate decreases
and decreases as the heart rate increases. At a typical human
rate of 75 beats per minute, one cardiac cycle lasts about 0.8
seconds.

Referring to FI1G. 17, a cardiac cycle may be said to begin
at the onset of atrial excitation, when a P wave 1s observed
in the ECG. Then, about 50-70 ms thereafter the atrium
begins to contract, for a period of about 70-110 ms. As the
atrium contracts, pressure builds up inside the atrium and
reaches a maximal value after which the atrium begins to
relax and pressure reduces. The maximal value i1s repre-
sented at the point 1701 in FIG. 17. Meanwhile, the elec-
trical stimulus propagates to the ventricle and the onset of
ventricle excitation occurs at an AV delay of about 120-200
ms later (the AV delay can be about 250 ms or even more in
some unhealthy individuals). This excitation of the ventricle
manifests on the ECG as the QRS complex. As the ventricle
contracts, pressure builds up within 1t and passively closes
the valves between each of the atria and a respective
ventricle (AV valves), thus stopping the flow of blood from
the atrium 1nto the ventricle and preventing backtlow.

During the next period of the ventricular contraction, a
pertod known as isovolumic contraction, or 1sovolumic
phase, that lasts approximately 50 ms, all ventricle valves
are closed and the pressure in the ventricle rapidly rises with
no significant change in volume, as shown 1n FIG. 17 by the
ventricular pressure line and the ventricular volume line
within the vertical lines 1703 and 1704 demarcating the
1sovolumic phase.

As ventricular pressure further increases, at the time
indicated by line 1704 1 FIG. 17, the valve between the
ventricle and artery opens and blood 1s ejected out of the
ventricle and away from the heart. This phase of ventricular
contraction 1s divided into a rapid ejection phase and a
decreased ejection phase. The rapid ejection phase lasts
approximately 90-110 ms, during which about 24 of the
stroke volume 1s ejected. The rapid ejection phase 1s repre-
sented 1n FI1G. 17 as the period between lines 1704 and 1705.

During the 1sovolumic phase and 1n the beginning of the
rapid ejection phase, the contraction of the ventricle typi-
cally causes a passive increase in atrial pressure. This

increase 1n atrial pressure 1s considered to be attributable to
a mechanical effect of the ventricles” contraction on the
associated atria. For example, this atrial pressure increase
may be due to the atria being tightly associated with the
much larger ventricle; as the large ventricle muscle con-
tracts, 1t aflects the attached atrium. The increased atrial
pressure may also result from the backward bulging of
valves into the atria, which may be due to the increasing
pressure 1n the ventricles. Passive filling of the atrium
continues throughout the cardiac cycle (including between
points 1701 and 1702) since there 1s no valve between the
atrium and the vascular system. This continual passive
filling 1n conjunction with the increased pressure due to the
mechanical effects of the ventricular contraction, may con-
tribute to the increase in atrial pressure. Thus, the passive
atrial pressure increase peaks at some time between the
second half of the 1sovolumic phase (1.e., about 25-35 ms
alter commencement ol the 1sovolumic phase) and the
beginning of the rapid ejection phase (e.g., within the first
approximately 10 ms of the rapid ejection phase), as repre-
sented 1n FIG. 17 by point 1702. The passive atrial pressure
build-up may be higher than the maximal atrial pressure due
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to atrial contraction, as shown in FIG. 17 by the higher atrial
pressure at point 1702 relative to the lower atnial pressure at
point 1701.

The rapid ejection phase 1s followed by the decreased
¢jection phase lasting about 130-140 ms. Thereaiter, all
valves close again and the ventricle relaxes in 1sovolumic
relaxation for about 60-80 ms, during which the pressure in
the ventricle drops. At this time, the valves between the
ventricle and the atria reopen allowing blood to flow freely
into the ventricle, after which a new cardiac cycle may
commence.

Controlling Atrial Pressure and Atrial Stretch

In the present disclosure, cardiac stimulation may be used
to increase atrial pressure and stretch and thereby reduce
blood pressure (BP). Cardiac stimulation may achieve
increased atrial pressure by stimulating the heart such that an
atrial pressure resulting from atrial contraction of an atrium
overlaps 1n time a passive pressure build-up of the atrium,
such that an atrial pressure of the atrium resulting from the
stimulation 1s a combination of the atrnial pressure resulting
from atrial contraction and the passive pressure build-up and
1s higher than an atrial pressure of the atrium would be
without the stimulation. Embodiments may reach maximum
atrial pressure by causing maximum atrial contraction at a
period of time overlapping the maximum passive 1ncrease in
atrial pressure. For example, cardiac stimulation may be
used to reach maximum atrial pressure resulting from atnial
contraction during a time between about 25-35 ms after the
beginning of the 1sovolumic phase and about 10 ms after the
end of the 1sovolumic phase. Increasing atrial pressure (by
overlapping 1n time atrial pressure resulting from atrial
contraction with passive i1ncrease 1n atrial pressure)
increases atrial stretch, which 1s known to affect blood
pressure through hormonal and/or neuronal pathways. For
example, an 1ncrease 1n atrial stretch may cause secretion of
atrial natriuretic hormone or atrial natriuretic peptide, which
in turn may reduce blood pressure.

In some embodiments, maximum atrial pressure resulting,
from atrial contraction 1s considered to have occurred at a
period of time overlapping the maximum passive increase in
atrial pressure i1 maximum atrial pressure resulting from
atrial contraction fully or at least partially coincides with the
maximum passive increase 1n atrial pressure. For example,
maximum atrial pressure resulting from atrial contraction 1s
considered to have occurred at a period of time overlapping
the maximum passive increase in atrial pressure if the
maximum atrial contraction 1s expected to occur within
about 20 ms before or after the expected maximum passive
increase in atrial pressure. In some embodiments, maximum
atrial pressure means the highest part of the contraction or
passive pressure icrease, having a pressure value that 1s at
least approximately 25% above the pressure value of the
atrium at rest. Optionally, maximum atrial pressure resulting
from atrial contraction 1s considered to have occurred at a
period of time overlapping the maximum passive increase in
atrial pressure if only one peak 1n pressure 1s observed from
the atrial contraction and passive pressure increase, or it two
peaks are observed, the maximum atrial pressure resulting
from atrial contraction and the maximum passive increase 1n
atrial pressure are no more than about 30 ms apart. Option-
ally the overlap 1n time can be detected mathematically by
analyzing measured values and/or visually, for example, by
plotting atrial pressure over time or atrial pressure change
over time.

BP or a change 1n BP may be measured as systolic BP
(SysBP), diastolic BP, mean arterial BP, BP in one or more
chambers, and/or any other related BP parameter. In some
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embodiments, an electrical stimulator, such as a pacemaker
or other type of device having a pulse generator, may be
used to stimulate a patient’s heart to reduce blood pressure.
Electrodes electrically connected to the electrical stimulator
with a wired or wireless connection may be placed adjacent
a cardiac chamber. The electrical stimulator may be operated
to deliver a pulse to the cardiac chamber via the electrode.

In some embodiments, stimulating the heart such that the
atrium reaches an increased (and preferably, maximum)
atrial pressure resulting from atrial contraction at a period of
time overlapping the (preferably, maximum) passive pres-
sure increase 1n atrial pressure may consequently reduce
blood pressure. For simplicity, in the following description,
such stimulation may be termed “AC (Atrial Contraction)
stimulation.” AC stimulation may include delivering at least
one stimulation pulse to at least one chamber of a heart such
that the atrium reaches maximum atrial pressure resulting
from atrial contraction during the period between the second
half of the 1sovolumic phase and the first approximately 10
ms of the rapid ejection phase. Such a stimulation pulse will
be referred to herein as an “AC stimulation pulse” or “AC
pulse.”

As used herein, a “stimulation pulse” may comprise a
sequence ol one or more excitatory electrical pulses (or
stimulation pulses) delivered to one or more chambers of the
heart within the timeframe of a single heartbeat (when a
single heartbeat 1s defined as a period of time between two
relaxations of the ventricle, between which only a single
contraction of the ventricle takes place). Optionally, such
excitatory electrical pulses (or stimulation pulses) are also
termed pacing pulses. For example, in some embodiments,
a stimulation pulse may comprise one or more electrical
pulses delivered to one or more locations 1 a ventricle
and/or one or more electrical pulses delivered to one or more
locations 1n an atrium. Thus, 1n some embodiments, the
stimulation pulse may include a first electrical pulse deliv-
ered to an atrtum and a second electrical pulse delivered to
the corresponding ventricle. In some embodiments, the
stimulation pulse may include a first electrical pulse deliv-
ered to an atrium, a second electrical pulse delivered to the
corresponding ventricle, and a third electrical pulse deliv-
ered to the atrium after it has exited a refractory period
associated with the first pulse. In some embodiments, a
stimulation pulse may include a single pulse being delivered
to a plurality of locations on one or more chambers of the
heart.

In some embodiments, an AC pulse may be delivered at
such timing relative to the cardiac cycle so as to have an
atrial pressure resulting from atrial contraction of an atrium
overlap in time a passive pressure build-up of the atrium,
such that an atrial pressure of the atrtum resulting from the
stimulation 1s a combination of the atrial pressure resulting
from atrial contraction and the passive pressure build-up and
1s higher than an atrial pressure of the atrtum would be
without the stimulation. Preferably, an AC pulse may be
delivered at such timing relative to the cardiac cycle so as to
have the atrium reach maximum atrial pressure resulting
from atrial contraction at a time overlapping the maximum
passive pressure increase of the atrium. Optionally, this
timing of delivery of the AC pulse 1s set according to one or
more sensed events, such as events relating to a cardiac
cycle.

For example, atrial and/or ventricular excitation may be
sensed and the AC pulse may be delivered to the atrium
and/or ventricle accordingly. For example, a pacing pulse
may be delivered to the atrium at such timing as 1s expected
to be within about -20 to 30 ms from the sensing or pacing
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of a ventricle and at least approximately 20 milliseconds
from the end of the refractory period of the atrium. Option-
ally, the heart rate and a ventricle excitation or contraction
may be sensed and the timing of a next ventricle contraction
or excitation may be estimated, and the AC pulse may be
delivered so that an atrial pressure resulting from an atrial
contraction in a future heartbeat overlaps 1n time a passive
pressure increase of the atrium. Optionally, the AC pulse
may be delivered so that an atrial contraction 1n a future
heartbeat reaches maximum atrial pressure resulting from
atrial contraction at a time overlapping the maximum pas-
sive pressure increase of the atrium. For example, the AC
pulse may comprise a stimulus that 1s delivered to the atrium
about 30 to 0 ms before the expected ventricular excitation
or about 50-120 ms before the start of the expected ven-
tricular contraction.

In some embodiments, the stimulation pulse may include
a first atrial excitation that 1s sensed or paced, an electrical
pulse that 1s delivered to the corresponding ventricle, and
another electrical pulse that 1s delivered to the atrium after
the atrium has exited a refractory period associated with the
first excitation. For example, the time period between the
first atrial excitation (e.g., delivery of a first excitatory pulse
to the atrium) and the delivery of another excitatory pulse to
the atrium may be between about 150 to 250 ms.

In some embodiments, an AC pulse comprises a first
clectrical pulse delivered to an atrium and a second electrical
pulse delivered to the corresponding ventricle. The relative
timing of the first electrical pulse and second electrical pulse
1s controlled to cause the atrium to contract at a time within
the period between the second half of the 1sovolumic phase
and early 1n the rapid ejection phase of the heart at that
heartbeat. Since the time between delivery of an excitatory
pulse and the onset of contraction 1s longer for a ventricle
than for an atrium, the delay between the delivery of the first
pulse and the second pulse may have a negative value, for
example, between about —20 and 0 ms.

This precise timing may vary between different patients
and between diflerent conditions (e.g., different placement
ol one or more electrodes on the chambers). Accordingly, 1n
some embodiments the settings of an AC pulse may be
adjusted, for example, upon implantation of a device and/or
periodically, for example, upon a periodic check or during
use (for example, based on feedback from one or more
associated sensors).

For example, AC pulses having different settings may be
delivered to the patient and atrial pressure may be sensed,
until a desired atrial pressure resulting from atrial contrac-
tion ol an atrium overlapping in time a passive pressure
build-up of the atrium 1s sensed. In some embodiments, a
desired atrial pressure may be any pressure that exceeds an
atrial pressure that the atrium would reach without the
stimulation. Optionally, the desired atrial pressure may be
selected as the highest (or being one of the highest) among
a plurality of atrial pressures resulting from a plurality of AC
pulses having different settings. For example, the AC pulses
might differ by having different AV delay between a sensed
or paced atrial contraction and a paced or sensed ventricular
contraction. As a result, one or more AV pulse settings may
be selected for use during a period of time for a given
patient.

For example, AC pulses having different settings may be
delivered to the patient and atrial pressure may be sensed,
until a desired degree of overlap i1s observed between the
maxima of maximum atrial pressure resulting from atrial
contraction and passive pressure build-up of the atrium. For
example, the AC pulses might differ by having different AV
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delay between a sensed or paced atrial contraction and a
paced or sensed ventricular contraction. As a result, one or
more AV pulse settings may be selected for use during a
period of time for the given patient.

Optionally, the AC pulses may be delivered as part of
pacing patterns that differ in the settings of diflerent pulses
within the patterns, and one or more patterns may be
selected for repeated use, based on one or more parameters
relating to the choice of pulses configured to reduce or
prevent atrial kick as well as on the alorementioned pressure
overlap.

A stimulation setting means one or more parameters of
one or more stimulation pulses delivered in a single cardiac
cycle. For example, these parameters may include, one or
more of: power, a time iterval between electrical pulses that
are mcluded 1n a single stimulation pulse (e.g., AV delay or
delay between two atrial pulses), a period of delivery with
respect to the natural rhythm of the heart, the length of a
stimulation pulse or a portion thereof, and the site of
delivery between two or more chambers and/or within a
single chamber. An AC stimulation setting, or “AC setting,”
may include a setting of one or more AC pulses.

In some embodiments, sensing may include sensing elec-

trical activity of one or more chambers of the heart, such as
one or more of atrial excitation and/or ventricle excitation.
In some embodiments, sensing includes using the sounds of
a cardiac cycle to detect cardiac activity. For example,
closure of the AV wvalves results 1n the first sound of a
heartbeat. This closure also signifies the beginning of the
1sovolumic phase. Optionally, based on the timing of closure
of the AV valve and the heart rate, a pulse setting may be
selected for a future AC pulse. For example, a stimulatory
pulse may be provided to the atrtum about 80-10 millisec-
onds before the next anticipated closure of the AV valve.

Optionally, a refractory period of a cardiac chamber (e.g.,
an atrium) may be estimated as known 1n the art. The AC
pulse may comprise delivering to the atrium a stimulation
pulse that elicits atrial contraction. For example, the stimu-
lation pulse may be timed for delivery after the end of the
refractory period, or if delivered during the relative refrac-
tory period, have such electrical properties so as to elicit a
contraction despite the relatively early timing.

In some embodiments, a heart rate 1s sensed as known 1n
the art, for example, based on electric activity, sound,
pressure, and/or any other means.

In some embodiments, one or more AC pulses may be
provided as part of a sequence of pulses, or a pacing pattern,
encompassing a plurality of heartbeats. A pacing pattern
may comprise a plurality of pacing pulses having diflerent
settings. Optionally, all of the pulses may be AC pulses but
some may have different pulse settings than others. Option-
ally, only some of the pulses 1mn a given pattern may be
configured to cause the atrium to reach an increased, or
maximum, atrial pressure resulting from atrial contraction
during the period between the second half of the 1sovolumic
phase and early in the rapid ejection phase.

It 1s further noted that one or more pulse settings (e.g.,
timing between events, sensed and/or delivered) may be
optimized and/or adjusted to suit a specific patient and/or
variation 1n the patient’s cardiac functioning.

For example, a patient’s heart rate may vary for many
reasons, including activity and time of day. Changes 1n heart
rate may cause changes in the relative timing of cardiac
events. Accordingly, one or more of the following param-
eters may be sensed and used to optimize and/or adjust the
pulse setting.
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For example, aortic pressure and/or sound associated with
the opening of one or both cardiac valves can be used to pin
point the timing of the beginning and/or end of the 1sovolu-
mic phase and/or the beginning of the rapid ejection phase.
Such timing may be compared with the time that a pulse 1s
delivered and/or a cardiac event i1s sensed such that the
desired timing ol contraction would be achieved more
precisely and/or more repeatedly.

In another example, one may measure the timing from the
delivery or sensing of an excitation stimulus (to an atrium
and/or to a ventricle) to when peak pressure 1s sensed 1n the
atrtum (due to contraction or passive pressure build-up).

Another option may be to adjust the AC pulse settings
according to one or more of heart rate, patient activity,
posture, and/or respiration rate.

In fact, a combination of the above may be used for
adjustment and/or optimization. For example, one may
measure one or more of the timing between atrial excitation
and maximum atrial pressure resulting from atrial contrac-
tion, ventricle excitation, maximal atrial passive pressure,
and the timing of the 1sovolumic phase and/or rapid ejection
phase. Optionally, one may measure atrial pressure resulting,
from the delivery of stimulation pulses and adjustment may
include selecting a stimulation setting according to the
measured resulting pressure. These measurements may also
be correlated with the patient’s heart rate at diflerent con-
ditions. Using the specific measurements taken from the
patient, the pulse setting may be adjusted or optimized.

The optimization and/or adjustment as discussed above
may be performed as a closed loop, for example, 1n some
cases where a sensor 1s associated with the implanting
stimulation device. Alternatively, the optimization and/or
adjustment may be performed as an open loop. The optimi-
zation and/or adjustment may be an ongoing process (espe-
cially if the sensor 1s implanted, for example, according to
heart rate) and/or may be performed during implantation
when a patient 1s provided with a device, occasionally,
and/or upon need. Finally, the optimization and/or adjust-
ment may be automated and/or mvolve a medical practitio-
ner.

Embodiments may implement different pacing techniques
to achieve AC stimulation and a desired overlap of the atrial
pressure resulting from atrial contraction and the passive
increase 1n atrial pressure. In some embodiments, AC stimu-
lation may include pacing the atrtum at an atrial rate
substantially equal to an intrinsic ventricular rate or pacing
the atrium at an atrial rate that 1s greater than the intrinsic
ventricular rate. In addition, different pacing techniques may
be implemented to achieve the desired AC stimulation with
cither a single contraction of the atrtum or a double con-
traction of the atrium.

For a single contraction of the atrium, pacing techniques
that achieve the desired AC stimulation may, for example,
include:

a. Sensing the atrium (optionally involving anticipating

the atrium activation) and pacing the ventricle;

b. Sensing the ventricle and pacing the atrium, which may
require that the pacing of the atrium be performed
before the anticipated time of ventricle sensing; or

¢. Pacing the atrtum and pacing the ventricle.

For a double contraction of the atrium, pacing techniques
that achieve the desired AC stimulation may, for example,
include:

a. Sensing {irst the atrium activation, sensing the ven-

tricle, and pacing the atrium in the same cardiac cycle
to create a second contraction:
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b. Sensing the atrium, pacing the ventricle, and pacing the
atrium 1n the same cardiac cycle to create a second
contraction;

c. Pacing the atrium, sensing the ventricle, and pacing the
atrium again; or

d. Pacing the atrium, pacing the ventricle, and pacing the
atrium again.

Other pacing techniques may be employed to achieve the
desired AC stimulation and overlap of the atrial pressure
resulting from atrial contraction and the passive increase in
atrial pressure. Accordingly, notwithstanding the particular
benefits associated with the pacing techniques described
herein, the present embodiments should be considered
broadly applicable to any pacing techmque that provides the
desired AC stimulation and overlap.

FIGS. 18-19 are graphs illustrating two different stimu-
lation patterns delivered to a healthy anesthetized canine
heart, showing an electrocardiogram (ECG), right ventricle
pressure (RV Press), right atrial pressure (RA Press), aortic
pressure (Ao Press), and left ventricle pressure (LV Press)
traced over a period of time. According to one embodiment,
FIG. 18 illustrates a change of stimulation from sinus
rhythm to pacing of the atria and ventricle at an AV delay of
2 ms, which resulted 1n an overlap of the pressure due to
atrial contraction and the atrial pressure due to passive
pressure increase. In this example, the pacing at an AV delay
of 2 ms caused an overlap in time of the maximal pressure
due to atrial contraction and the maximal atrial pressure due
to passive pressure 1increase, as well as a measurable
increase 1n atrial pressure, and therefore also atrial stretch.
For comparative purposes, F1G. 19 1llustrates an AV delay of
40 ms, which showed a lesser degree of overlap and yielded
no significant increase 1n atrial pressure. Optionally, a higher
degree of overlap may be defined as a function of the
proximity ol atrial pressure maxima—the closer the
maxima, the higher the overlap, until the maxima overlap
completely and a single maximum pressure i1s observed.
Optionally, the degree of overlap 1s a function of the
maximal sensed atrial pressure, with a higher pressure
maximum value characterizing a higher degree of overlap.

In the experiments associated with FIGS. 18-19, a healthy
canine heart was equipped with a pacemaker configured
with algorithms that allow pacing at a specified AV delay.
The pacemaker was connected to the heart via two pacing
clectrodes, one 1n the right atrial appendage and one 1n the
right ventricular apex. Four solid state pressure sensors were
inserted into the right atria, the rnight ventricle, the left
ventricle, and the aorta. A single lead ECG was also con-
nected to the animal. The sensors were connected to ampli-
fiers and a data acquisition system (DAQ system), and the
signal was sampled at the rate of 1 kHz and plotted, to
provide the graphs shown in FIGS. 18-19. As shown, the
graphs include from bottom to top the following plots: ECG,
RV pressure, RA pressure, Ao pressure, and LV pressure.

In each experiment, the heart was allowed to contract
using the natural sinus rhythm for a few beats and was then
paced at both the atria and the ventricle with the designated

AV delay.

Referring to each of FIGS. 18-19, during the period of
time of sinus rhythm 1802, two distinct increases in atrial
pressure can be seen. The first atrial pressure increase 1804
tollows the atrial electrical activity (the P wave 1806) and
corresponds to the contraction of the atria. The second atrial
pressure 1ncrease 1808 occurs during the 1sovolumic con-
traction of the ventricle (characterized by a rapid increase in
ventricle pressure) and continues through a short initial
period of the rapid ejection phase (starting when the aortic
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pressure starts to increase). The ellect of ventricle contrac-
tion on the atnal pressure causes the second atrial pressure
increase 1808. As shown in the RA Press plots of FIGS.
18-19, the maximum atrial pressure reached during the
1sovolumic contraction 1s slightly higher than the maximum
atrial pressure reached during contraction of the atria.

As described above, embodiments may include provisions
to maximize atrial pressure, and therefore maximize atrial
stretch. In particular, stimulation may be delivered to an
atrtum at such timing relative to the cardiac cycle so as to
cause the atrium to reach maximum atrial pressure resulting
from atrial contraction at a time overlapping the maximum
passive pressure increase of the atrtum. FIG. 18 illustrates
one example of this timing, 1n which the atria and ventricle
are paced at an AV delay of 2 ms, as represented by the atrial
pace 1810 followed 2 ms later by the ventricular pace 1812.
FIG. 18 shows three instances of this pacing.

Referring to the portions of the right atrial pressure plot
(RA Press) in FIG. 18, with the three instances of pacing,
significant increases 1n atrial pressure can be seen at points
1814, 1816, and 1818. Those significant pressure increases
result from the simultaneous, or nearly simultaneous, atrial
pressure increases due to atrial contraction and to contrac-
tion of the ventricle. In other words, comparing the sinus
rhythm portion 1802 of the right atrial pressure plot to the
AV delay paced portion 1803 of the right atrial pressure plot,
the first and second atrial pressure increases 1804 and 1808
of the sinus rhythm portion 1802 are essentially superim-
posed 1n the AV delay paced portion 1803 such that the atrial
pressure increases 1804 and 1808 are combined to provide
the higher atrial pressure increases 1814, 1816, and 1818.

Optionally, an AC pulse may have a setting that includes
a predefined AV delay between a sensed or paced atrial
excitation and a paced or sensed ventricular excitation. The
AV delay may be selected such that the atrial pressure
resulting from atrial contraction and passive atrial pressure
build-up overlap, essentially as described above, and such
that the atrial pressure of the atrium that 1s a combination of
the atrial pressure resulting from atrial contraction and the
passive pressure build-up, 1s higher than an atrial pressure of
the atrium would be without the stimulation (or with a
different stimulation). The AV delay may be selected such
that the maxima of atnial pressure resulting from atrial
contraction and passive atrial pressure build-up overlap,
essentially as described above. This setting may vary
between patients and may, 1n time, even change for a given
patient. Nonetheless, in most cases it 1s expected that an AV
delay between about 30 ms and about 0 ms will be effective.
In some patients (such as the examples shown with healthy
canine hearts shown in FIG. 18), the AV delay between atrial
excitation and ventricular excitation may be between about
30 ms and about O ms or between about 20 ms and about O
ms.

It 1s noted that when sensing 1s used to detect a cardiac
event upon which the AV delay 1s set, the following 1is
optionally taken into account: firstly, when electrical exci-
tation 1s sensed, there 1s a delay between actual excitation
and 1ts detection. This may be due to the location of the
sensing electrode as well as to limitations of the sensing
system. Thus, for example, the time period between a sensed
atrial excitation and delivery of a pacing pulse to a ventricle
would be shorter than the desired AV delay. When sensing
1s based on a mechanical event (e.g., contraction or valve
closure), the time between actual excitation and the occur-
rence of the mechanical event also needs to be taken 1nto
account. Some examples for the relative timing of sensed
events and the delivery of pacing pulses are disclosed herein.
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In addition, as detailed in this application, the settings may
be adjusted to suit the specific times of a patient upon
implantation and/or periodically.

In contrast to the surprising beneficial results achieved by
pacing with an AV delay that causes atrial contraction of an
atrium to overlap 1n time a passive pressure build-up of the
atrium, thereby providing an atrial pressure of the atrium
that 1s a combination of the atrial pressure resulting from
atrial contraction and the passive pressure build-up and 1s
higher than an atrial pressure of the atrium would be without
the stimulation (as in the example of FIG. 18), FIG. 19
illustrates an AV delay that 1s short relative to normal AV
delays (e.g., 140 ms 1n canine hearts), but does not provide
a significant increase in atrial pressure. As shown in FIG. 19,
after the sinus rhythm portion 1802, the heart was paced at
an AV delay of 40 ms during the AV delay paced portion
1803, as represented by the atrial pace 1910 followed 40 ms
later by the ventricular pace 1912. FIG. 19 shows two
instances of this pacing. Referring to the portions of the trace
of the atnial pressure (RA Press) shortly after the pacing,
despite the short 40 ms AV delay relative to a normal 140 ms
AV delay, the 40 ms AV delay did not result 1n a significant
increase 1n atrial pressure over the atrial pressure increases
1804 and 1808 of the sinus rhythm portion 1802. Instead, as
shown 1 FIG. 19, the 40 ms AV delay resulted in two
separate atrial pressure increases 1904 and 1908, which were

roughly equivalent to the previous atrial pressure increases
1804 and 1808.

Comparing FIG. 18 with FIG. 19 therefore shows that
significantly increased atrial pressure occurs when the con-
traction of the atria and the second half of the 1sovolumic
contraction or early part of the rapid ejection phase of the
ventricle occur simultaneously, or nearly simultaneously, as
in FIG. 18. That significant increase 1n atrial pressure may
provide a desired release of stress-related hormones for
reducing blood pressure. Accordingly, embodiments pace
the atria and ventricle at an AV delay of about 2 ms.

FIGS. 20A-20C depict some theoretical examples for
combining atrial pressure due to atrial contraction and
passive pressure build-up in the atrium. In these examples,
different degrees of overlap are shown, as detailed below,
and pressure due to atrial contraction and passive pressure
build-up 1s summed. Imitially, atrial pressure was traced
during a natural cardiac cycle, such as shown in FIGS. 18
and 19 1n the period of time of sinus rhythm 1802. From this
tracing, atrial pressure due to atrial contraction 1804 and
passive pressure build-up 1804 were extracted. In FIG. 20A,
the two pressure curves (corresponding to 1802 and 1804 of
FIG. 18) were summed assuming a 60 ms delay between the
onset of atrial contraction and the onset of passive pressure
build-up. As seen, atrial contraction lasted about 60 ms and
reached a maximum pressure of nearly 1.5 mmHg, while
passive pressure build-up lasted about 50 ms and reached a
maximum pressure a little higher than 2 mmHg. Since the
atrial contraction lasted about 60 ms (which 1s roughly the
same as the assumed delay), the two pressure increases are
observed as distinct portions in the trace, having two distinct
maxima, and the maximal pressure observed i1s that of
passive pressure build-up 1804.

FIG. 20B 1llustrates 1n more detail a theoretical combin-
ing of atrial pressure due to atrial contraction and passive
pressure build-up 1n the atrium. In this tracing, the onset of
passive pressure build-up 1804 (dashed line) was assumed to
take place 30 ms after the onset of atrial contraction 1802
(dotted line), as shown. The two traces were summed and the
sum was traced as pressure tracing 204 (solid line). As seen
in this example, due to some degree of overlap, the com-
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bined pressure line 204 had a maximum pressure that was
slightly higher than the maximum pressure observed in
passive pressure build-up 1804 (dashed line) without the
overlap, while two maxima are still seen, one corresponding
to each of the combined tracings 1802 and 1804.

Although timing a maximum atrial pressure due to atrial
contraction to occur simultaneously with a maximum pas-
sive pressure build-up—such that the maxima occur as a
singular event—may yield a maximum attainable atrial
pressure, embodiments may provide significant beneficial
increases in atrial pressure through a range of times beyond
that singular event. In other words, to stimulate a heart to
obtain an atrial pressure that 1s a combination of the atrial
pressure resulting from atrial contraction and the passive
pressure build-up and 1s higher than an atrial pressure of the
atrtum would be without stimulation, the timing of stimu-
lation need only provide that the combination (e.g., sum) of
the atrial pressure resulting from atrial contraction and the
passive pressure build-up 1s greater than the maximum
pressure generated in the atrium without stimulation. IT the
maximum atrial pressure due to atrial contraction occurs
simultaneously with the maximal passive pressure build-up
of the atria, the combination (e.g., sum) of those pressures 1s
likely to be greater than each of the individual pressures.
However, providing a combined atrial pressure that 1is
greater than both of the individual pressures 1s not limited to
that singular event of simultaneously occurring maxima
points and will be true for a range of times over which the
pressures overlap each other, as discussed in more detail
below.

In FIG. 20C, pressure due to atrial contraction and passive
pressure build-up were combined at various hypothetical
degrees of overlap between them, thus exemplifying how
controlling the relative timing of atrial and ventricular
contraction may aflect the combined atrial pressure. In this
example, like 1 FIG. 20B, a time delay between the onset
ol atrial contraction and onset of passive pressure buildup
was assumed, and accordingly, at each point 1n time the
atrial pressure due to atrial contraction was summed with the
passive pressure build-up at the same point 1n time, thereby
providing a combined pressure. The combined (e.g.,
summed) pressures of different examples are traced 1n FIG.
20C.

Trace 201 of FIG. 20C 1s 1dentical to the trace shown in
FIG. 20A, with a delay of 60 ms between the onset of
pressure due to atrial contraction and passive pressure
build-up. In trace 207, on the other hand, the atrial pressure
due to atrial contraction and the passive pressure build-up
were combined at close to maximal overlap (a O ms delay
between the onset of the two changes 1n pressure, which due
to the different durations may not exactly coincide), 1.e.,
assuming that they both commenced at about the same time.
As seen, 1n this case, trace 207 shows the sum of the
pressures reaching a single maximum value of about 3.5
mmHg. Similarly, at a delay of 10 ms (trace 206) a single
maximum was observed, slightly later than 1n trace 207 and
having a lower maximum value than that of trace 207. As the
time delay increased, 1n trace 205 (20 ms delay), the tracings
begin to separate but still yield a single maximal value
(between 2.5 mmHg and 3 mmHg). Trace 204 (30 ms delay;
which 1s 1dentical to the trace shown 1n FIG. 20B) clearly
displays two maxima, but there 1s still suflicient overlap and
the sum of atrial pressure 1s slightly higher than that of trace
201. Finally, at even lower degrees of overlap, 1n traces 203
and 202 (40 ms and 350 ms delays, respectively), while there
1s some overlap between pressure due to atrial contraction
and passive pressure build-up, 1 each of the traces the two

10

15

20

25

30

35

40

45

50

55

60

65

36

maxima are more than 30 ms apart and the maximal pressure
1s about the same as 1n trace 201, where no overlap was
shown.

In some embodiments, a stimulation pattern may be used
to lower the blood pressure by applying stimulation patterns
comprising one or more AC pulses or consisting of AC
pulses, only mtermittently. For example, applying intermit-
tent AC pulses may allow natural heartbeats to occur in
between the AC pulses and/or the pulses that are not
configured to cause an overlap between the atrial pressure
due to atrial contraction and atrial pressure due to passive
pressure build-up (or do not cause an overlap of the respec-
tive maxima), thereby providing an atrial pressure of the
atrium that 1s a combination of the atrial pressure resulting
from atrial contraction and the passive pressure build-up and
1s higher than an atrial pressure of the atrtum would be
without the stimulation. Optionally, the periods of time
between the application of AC pulses may be selected
according to time constants of secretion and/or absorption of
natriuretic peptides, such that suflicient stimulation will be
delivered to essentially provide the desired eflect but with-
out much excessive stimulation. This may have the benefit
of reducing the power used by an implanted device and/or
reduce the degree of manipulation of the heart.

An exemplary method 230 for controlling atrial pressure
1s depicted schematically 1n FIG. 23. Method 230 may be
performed by an implanted device as described herein.
Accordingly, the device may be configured to perform any
or all steps of method 230. Similarly, method 230 may
include any steps that the device i1s configured to perform.
For example, method 230 may include any of the functions
discussed below with respect to device 50 of FIG. 14.

In some embodiments, method 230 may include sensing
cardiac event(s), as shown 1n step 231. This event, or events,
may include one or more electrical events and/or mechanical
cvents and may be sensed as known in the art and as
described in further detail herein. For example, the sensed
events may 1include sensing of atrial and/or ventricular
excitation and/or the timing of steps 1n the cardiac mechani-
cal activity such as opening and/or closure of one or more
cardiac valves. The sensed events may include a deduction
of relative timing between cardiac events. In some embodi-
ments, step 231 may include triggering one or more cardiac
events, such as atrial or ventricular excitation. Optionally,
step 231 may include sensing an intrinsic heart rate, or
setting the heart rate. For example, step 231 may include
sensing the closure of the AV valve thus defining the
beginning of the 1sovolumic phase, and/or sensing the open-
ing ol the aortic valve thus defining the point 1n time at
which the rapid ejection phase begins. Step 231 may also
include determining the time difference between sensing the
activation of the ventricle or stimulation of the ventricle and
the closure of the AV valve that define the beginning of the
1sovolumic phase.

Method 230 may include a step 232 in which pulse
settings are selected. The settings may include or comprise
setting a time interval between atrial and ventricular exci-
tations. The settings may include selecting a ratio between
atrial excitations and ventricular excitations for a given
stimulation pulse. The settings may include power settings
based on the sensed or estimated timing of delivery of an
excitatory pulse in a relative refractory period of the target
chamber.

Method 230 may include a step 233 of delivering at least
one stimulation pulse using the pulse settings optionally set
in step 232, which pulse settings may be selected based on
the timing of the sensed events in step 231. In some
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embodiments, an excitatory current may be applied to both
ventricles, at the same time or 1n sequence. In some embodi-
ments in which both ventricles are paced in sequence, a time
interval may be measured between the onset of excitation of
at least one atrium (e.g., the right atrium) and the onset of
excitation of the corresponding ventricle to be paced (e.g.,
the right ventricle). In some embodiments 1n which a time
interval 1s set to be zero or negative, step 233 may be
performed before or at the same time as step 231. In some
embodiments, the time interval may be measured 1n milli-
seconds.

The pulse settings selected in step 232 may be selected
based on feedback. In such cases, method 230 may include
sensing atrial pressure, as shown 1n step 234. For example,
feedback information may be obtained by using an
implanted sensor for feedback and adjustment of pulse
settings, on an ongoing basis and/or on a periodic basis, such
as during implantation and/or periodic checkups. Method
230 may include a step 233 of estimating the overlap 1n time
between an atrial pressure (preferably, a maximum atnal
pressure) resulting from atrial contraction and a passive
pressure build-up of the atrium (preferably, a maximum
passive pressure build-up). For example, the estimating of
step 235 may include detecting a number of maxima in atrial
pressure and their length 1n time and/or the distance 1n time
between the maxima, and/or detecting a number of maxima
and minima in atrial pressure and estimating the duration of
a confraction or change in pressure based on the time
between maxima and minima, and/or detecting the maximal
value of atrial pressure compared to atrial pressure of the
same heart without the stimulation. This comparison may be
performed using a stored value corresponding to a pressure
measured before treatment commenced, and/or may include
a step ol sensing atrial pressure 1n at least one heartbeat
without the delivery of a stimulation pulse, according to
method 230.

Method 230 may include step 236 of adjusting the pulse
setting selected 1n step 232 based on the sensed overlap
estimated 1 step 235. For example, step 236 may include
adjusting the time interval to provide the highest degree of
overlap observed between a plurality of settings. Optionally,
a higher degree of overlap may be defined as a function of
the proximity of atrial pressure maxima—the closer the
maxima, the higher the overlap, until the maxima overlap
completely and a single maximum pressure i1s observed.
Optionally, the degree of overlap i1s a function of the
maximal sensed atrial pressure, with a higher pressure
characterizing a higher degree of overlap.

As shown by the arrow directed from step 236 to step 231
in FI1G. 23, step 231, step 232, step 233, step 234, and/or step
235 may be repeated after performing step 236. In some
embodiments, the time pulse setting may be mnitially set at
a first value during step 231 and, based on feedback sensing
performed during steps 234 and 235, the pulse setting may
be adjusted (e.g., a time interval reduced or increased)
during step 236 until the degree of overlap 1s within a given
range (or above or below a given value).

The steps of method 230 may be performed 1n any order.
For example, the steps may be performed in the order
indicated by the arrows shown in FIG. 23. In another
embodiment, step 232 may be performed before step 231.

The timing of atrial contraction, atrial excitation, ven-
tricular contraction, closing and/or opening of the AV valve
(s), and/or the flow or lack thereof of blood from one or more
atria to the respective ventricle(s) and/or blood pressure may
be detected by any method known 1n the art and may be used
as feedback control. In some embodiments, the onset of
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excitation may be used as a trigger for the delivery of an
excitatory stimulus to one or more heart chambers (e.g., one
or two ventricles or an atrium and a ventricle). The sensed
information may be additionally or alternatively used in the
adjusting of a timing interval of the device.

Embodiments may provide a method for adjusting a pulse
setting 1 a system for controlling blood pressure. The
method may include recerving atrial pressure data associated
with an atrium of a heart of a patient during at least one
cardiac cycle. The atrial pressure data may result from the
system’s delivering to the heart a stimulation pulse having a
first pulse setting. The method may further comprise ana-
lyzing the atrial pressure data, and providing an adjusted
second pulse setting according to the analysis, with the
adjusted second pulse setting being diflerent from the first
pulse setting. The analyzing may include analyzing the atrial
pressure data to estimate an overlap 1n time between an atrial
pressure resulting from atrial contraction and a passive
pressure build-up of the atrium. The analyzing may also
include plotting the atrial pressure data and/or mathemati-
cally analyzing the atrial pressure data.

Embodiments may provide a system for reducing blood
pressure, which may include components such as those
shown 1n FIG. 14. A system may 1nclude means for provid-
ing information about pressure variation 1n an atrium during
at least one cardiac cycle of a heart, means for generating
stimulation pulses, and means for applying the stimulation
pulses to at least one cardiac chamber. The means for
generating stimulation pulses may be arranged to generate
the stimulation pulses so as to control the timing of an atrial
contraction relative to the timing of a ventricular contraction
in a single cardiac cycle according to the information about
pressure variation in the atrium. In one implementation, a
means for providing information may {irst sense the infor-
mation (e.g., pressures and the time between changes in
pressure) and a means for generating stimulation pulses may
later time stimulation based on the information.

The information about pressure variation i an atrium
may include information about occurrence of an atrial
contraction and/or information about occurrence of a ven-
tricular contraction. The information may include iforma-
tion about the relative timing between a maximum atrial
pressure resulting from atrial contraction and a maximum
passive pressure build-up of the atrtum. The information
may include information relating to the occurrence and/or
timing of one or more cardiac events as described in this
specification, including for example one or more of con-
traction of an atrium, contraction of a ventricle, opening of
an atrioventricular valve, closure of an atrioventricular
valve, electrical activity of the atria, electrical activity of the
ventricle, blood flow, a refractory period of an atrium, and
heart rate.

The means for generating stimulation pulses may be
arranged for generating for at least one cardiac cycle: at least
one atrial stimulation pulse for generating an atrial contrac-
tion; and/or at least one ventricular stimulation pulse for
generating a ventricular contraction. The means for gener-
ating stimulating pulses may be arranged: for generating the
at least one atrial stimulation pulse, on the basis of the
information about the occurrence of the atrial contraction
and/or the information about the occurrence of the ventricu-
lar contraction, 1 a timed relationship to the occurrence of
the atrial contraction and/or to the occurrence of the ven-
tricular contraction; and/or for generating the at least one
ventricular stimulation pulse on the basis of the information
about the occurrence of the ventricular contraction and/or
the mformation about the occurrence of the atrial contrac-
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tion, 1n a timed relationship to the occurrence of the ven-
tricular contraction and/or to the occurrence of the atrial
contraction. The mformation about the occurrence of the
atrial contraction may include information about the occur-
rence of a P wave pattern in the natural stimulation pattern
of a cardiac cycle. The mformation about the occurrence of
the ventricular contraction may include mformation about
the occurrence of a QRS complex in the natural stimulation
pattern of a cardiac cycle.

The timing of atrial contraction relative to ventricular
contraction may correspond to an AV delay within a range
of about 30 ms to about 0 ms. The means for generating
stimulation pulses may be arranged to generate the stimu-
lation pulses so as to: provide an excitatory stimulus to the
atrium within a range of about 30 ms to about 0 ms before
ventricular excitation occurs; provide an excitatory stimulus
to the ventricle within a range of about 30 ms to about 0 ms
alter atrial excitation occurs; and/or provide an excitatory
stimulus to the atrtum and then within a range of about 30
ms to about 0 ms later provide an excitatory stimulus to the
ventricle.

Other embodiments may provide another system for
reducing blood pressure, which may also include compo-
nents such as those shown in FIG. 14. In those other
embodiments, a system for reducing blood pressure may
include means for providing information about timing of one
or more heart activity events, means for generating stimu-
lation pulses, and means for applying the stimulation pulses
to at least one cardiac chamber. The nformation about
timing of one or more heart activity events may include at
least one of: occurrence of an atrial contraction of an atrium,
occurrence of a ventricular contraction of a ventricle, open-
ing ol an atrioventricular valve, closure of an atrioventricu-
lar valve, electrical activity of the atria, electrical activity of
the ventricle, blood flow, atrial pressure of the atrium,
changes in atrial pressure of the atrium, a refractory period
of an atrium, and heart rate. The means for generating
stimulation pulses may be arranged to generate the stimu-
lation pulses so as to set a timing of atrial contraction
relative to ventricular contraction based on the information.

The timing of atrial contraction relative to ventricular
contraction may correspond to an AV delay within a range
of about 30 ms to about O ms. The means for generating
stimulation pulses may be arranged to generate the stimu-
lation pulses so as to: provide an excitatory stimulus to the
atrtum within a range of about 30 ms to about 0 ms before
ventricular excitation occurs; provide an excitatory stimulus
to the ventricle within a range of about 30 ms to about 0 ms
alter atrial excitation occurs; and/or provide an excitatory
stimulus to the atrtum and then within a range of about 30
ms to about 0 ms later provide an excitatory stimulus to the
ventricle.

The information about timing of one or more heart
activity events may include information about timing
between two or more heart activity events 1n a single cardiac
cycle.

The means for generating stimulation pulses may be
arranged for generating for at least one cardiac cycle: at least
one atrial stimulation pulse for generating an atrial contrac-
tion;, and/or at least one ventricular stimulation pulse for
generating a ventricular contraction. The means for gener-
ating stimulating pulses may be arranged: for generating the
at least one atrial stimulation pulse, on the basis of the
information about the occurrence of the atrial contraction
and/or the information about the occurrence of the ventricu-
lar contraction, in a timed relationship to the occurrence of
the atrial contraction and/or to the occurrence of the ven-
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tricular contraction; and/or for generating the at least one
ventricular stimulation pulse on the basis of the information
about the occurrence of the ventricular contraction and/or
the information about the occurrence of the atrial contrac-
tion, 1n a timed relationship to the occurrence of the ven-
tricular contraction and/or to the occurrence of the atrial
contraction. The information about the occurrence of the
atrial contraction may include information about the occur-
rence of a P wave pattern in the natural stimulation pattern
of a cardiac cycle. The mnformation about the occurrence of
the ventricular contraction may include mformation about
the occurrence of a QRS complex 1n the natural stimulation
pattern of a cardiac cycle.

Controlling Atrial Kick

In some embodiments, stimulating the heart such that the
contribution of atrial contraction to the filling of the ven-
tricles (atrial kick) 1s reduced or even prevented, reduces
cardiac filling at the end of diastole and consequently
reduces blood pressure. For simplicity, in the following
description, such stimulation will be termed “BPR (Blood
Pressure Reducing) stimulation.” BPR stimulation may
include delivering at least one stimulation pulse to at least a
chamber of a heart such that atrial kick 1s reduced or even
prevented. Such a pulse will be referred to herein as a “BPR
stimulation pulse” or “BPR pulse” herein. As described
above, a “stimulation pulse” may comprise a sequence of
one or more electrical pulses delivered to one or more
chambers of the heart within the timeframe of a single
heartbeat or cardiac cycle. For example, 1n some embodi-
ments, a stimulation pulse may comprise one or more
clectrical pulses delivered to one or more locations 1 a
ventricle and/or one or more electrical pulses delivered to
one or more locations 1n an atrium. Thus, 1n some embodi-
ments, the stimulation pulse may include a first electrical
pulse delivered to an atrium and a second electrical pulse
delivered to the corresponding ventricle. In some embodi-
ments a stimulation pulse may include a single pulse being
delivered to a plurality of locations on one or more chambers
of the heart.

A stimulation setting means one or more parameters of
one or more stimulation pulses delivered 1n a single cardiac
cycle. For example, these parameters may include one or
more of: power, a time iterval between electrical pulses that
are included 1n a single stimulation pulse (e.g., AV delay), a
period of delivery with respect to the natural rhythm of the
heart, the length of a stimulation pulse or a portion thereof,
and the site of delivery between two or more chambers
and/or within a single chamber. A BPR stimulation setting,
or “BPR setting,” may include a setting of one or more BPR
pulses.

A stimulation pattern may include a series of pulses
having i1dentical stimulation settings or a stimulation pattern
may include multiple pulses each having different stimula-
tion settings. For example, a stimulation pattern may have
one or more pulses having a first setting and one or more
pulses having a second setting that 1s diflerent from the first
setting. When stating that a stimulation pattern has a setting,
it 1s understood that this means a stimulation pattern may
include at least one stimulation pulse having that setting. It
1s also understood that, 1n some embodiments a stimulation
pattern may include one or more cardiac cycles where no
stimulation pulse 1s delivered, 1n which case the pulse(s)
may be viewed as being delivered at zero power. A stimu-
lation pattern may include a plurality of identical pulses or
a sequence of pulses including two or more different set-
tings. Two stimulation sequences 1n a pattern may differ in
the order of pulses provided within a setting. Two or more
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stimulation sequences may optionally differ in their lengths
(in time and/or number of heartbeats). In some embodi-
ments, a stimulation pattern may include pulses having BPR
settings. In some embodiments, a stimulation pattern may
include pulses that do not have BPR settings.

Examples of stimulation settings that are configured to
reduce or prevent atrial kick 1n at least one ventricle may
include any of the stimulation settings disclosed herein that
are configured to cause a reduction of a patient’s ventricular
filling volume from the pretreatment ventricular filling vol-
ume. This may be caused by having at least part of an atrial
contraction take place against a closed AV valve. Some such
examples nclude:

a. Delivering one or more stimulation pulses to a ventricle
ol a patient 0-50 ms before the onset of excitation 1n an
atrium of the patient. Optionally, this delay 1s set based
on sensing of atrial excitation. Optionally, this includes
delivering one or more stimulation pulses to the atrium
0-50 ms after the delivery of stimulation pulses to the
ventricle. Optionally, this 1s performed at a rate that 1s
slightly higher than the natural heart rate of the patient.

b. Delivering one or more stimulation pulses to a ventricle
of a patient 0-70 ms after the onset of excitation in an
atrium of the patient. Optionally, this delay 1s set based
on sensing of atrial excitation. Optionally, this includes
delivering one or more stimulation pulses to the atrium
0-70 ms before the delivery of stimulation pulses to the
ventricle. Optionally, this 1s performed at a rate that 1s
slightly higher than the natural heart rate of the patient.

Some embodiments may provide a system for reducing
blood pressure configured to deliver stimulation at a rate
higher than the natural heart rate based on sensed natural
heart rate or natural excitation. For example, the system may
be configured to sense the natural excitation between deliv-
ery of stimulation pulses and 1f a natural activity 1s sensed,
the system may be configured to ihibit the delivery of the
stimulation pulse to the chamber. If 1n a given time frame the
amount of sensed activations exceeds a threshold, the natu-
ral heart rate may be regarded as higher than the rate of
delivery of the stimulation pulses, 1n which case the rate of
delivery may be increased, e.g., to accommodate increased
heart rate of a patient. On the other hand, if 1n a given time
frame the amount of sensed activations i1s lower than a
threshold (this threshold may be 0), the natural heartbeat
may be regarded as lower than the rate of delivery of the
stimulation pulses, in which case the rate of delivery may be
reduced, e.g., to avoid over excitation of a patient’s heart. To
achieve this eflect, according to one embodiment, a system
for reducing blood pressure may include a sensor for sensing
an excitation rate of at least one of an atrium and a ventricle
of a patient’s heart, a stimulation circuit configured to
deliver stimulation pulses to an atrium and a ventricle, and
a processor circuit coupled to the stimulation circuit.
Optionally, a sensor for sensing the excitation rate of at least
one of an atrium and a ventricle may comprise an electrode
for sensing atrial excitation. The processor circuit may be
configured to detect the patient’s heart rate based on the
sensing and operate 1n an operating mode 1 which a
stimulation pulse 1s provided to each of the at least one of an
atrtum and a ventricle. The stimulation pulse may be deliv-
ered at a rate that 1s higher than the sensed excitation rate and
may be configured to stimulate the ventricle at a time
between about 50 ms before and about 70 ms after stimu-
lation of the atrium.

Reducing atrial kick may have an immediate effect on
blood pressure while hormone mediated mechanisms may
take a longer period. While some devices may be configured
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to have both an immediate and a hormone mediated eflect,
optionally, some of the BPR settings and/or stimulation
patterns may be configured to reduce or prevent atrial kick
without a significant increase in atrial stretch. For example,
when the AV valve closes at a time that atrial contraction 1s
at peak pressure or thereafter, premature closure of the valve
does not increase atrial stretch. Thus, in some embodiments,
a device may be configured to cause the relative timing of
atrial excitation and ventricular excitation to be comparable
with an AV delay that 1s at least 40 ms long or at least 50 ms
long. Atnal stretch may be measured, calculated, and/or
estimated as known in the art. In some embodiments, atrial
stretch determination may include measuring atrial pressure.
In some embodiments, atrial stretch determination may
include measuring or estimating the dimension of an atrium
(e.g., diameter, size, or circumierence).

In some embodiments, atrial kick may be reduced because
the BPR stimulation setting may be set such that atrial
contraction of a cardiac cycle 1s mncomplete when the AV
valve 1s open. In some embodiments, atrial contraction may
take place completely or in part against a closed AV valve.
In some embodiments atrial contraction may be prevented or
reduced in pressure and/or force.

In some embodiments, only one or more ventricles may
be stimulated and the stimulation pulse may be timed to have
an abnormal AV delay (e.g., 50 ms before to 120 ms after
atrial excitation). In some embodiments, a BPR stimulation
setting may include the delivery of at least one electrical
pulse or stimulus to one or more atria. In some embodi-
ments, this at least one atrial stimulus may cause atrial
contraction. In some embodiments, the at least one atrial
stimulus may interfere with atrial contraction. In some
embodiments, the at least one atrial pulse may cause an atrial
spasm or another type of ineflicient atrial contraction.

The reduction 1 blood pressure resulting from BPR
stimulation may be observed practically immediately upon
application of the stimulation signal (e.g., within 1 or 3
seconds (sec) or within 1, 3, or 5 heartbeats) and may reach
a minimal blood pressure value within less than 5 heartbeats
from the beginning of stimulation.

By controlling the settings of BPR stimulation, one may
control the degree to which BP 1s reduced. This degree 1s
sometimes patient specific and/or related to the precise
positioning of one or more stimulation and/or sensing elec-
trodes 1n or on the heart.

Adaptation

a. The mventors found that while stimulation 1s main-

taimned, blood pressure may display an adaptation pat-
tern wherein blood pressure increases alter a time
(some of which often occurs 1n a short time being less
than 5 minutes or even less than a minute), and poten-
tially reaches near pre-stimulation blood pressure val-
ues (possibly due at least to baroreflex) or even higher.
The adaptation, at least 1n part, may be attributed to
changes in properties of the cardiovascular system,
such as increase in total peripheral resistance. The
inventors further found that termination of stimulation
results 1n a quick return of blood pressure to pre-
stimulation values or even higher values, and thereatfter
that the heart becomes responsive to the blood pressure
reducing stimulation signal at a degree similar to a
heart that was not so stimulated. In addition, 1t was
found that different stimulation patterns that comprise
a plurality of BPR stimulation settings result in difler-
ent blood pressure adaptation patterns.

b. Stimulation patterns may, for example, comprise at

least a first stimulation setting and a second stimulation
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setting different from the first stimulation setting, the
first stimulation setting and the second setting config-
ured to reduce or prevent atrial kick and/or to control
atrial pressure and/or stretch. The stimulation pattern
may even comprise more than two different stimulation
settings. The second setting in some embodiments has
a longer AV-delay than the first setting. The second
setting 1n some embodiments may not be configured to
reduce atrial kick and/or to control atrial pressure
and/or stretch.

In FIG. 1, the systolic blood pressure of a hypertensive
patient receiving a stimulation signal 1s plotted against time.
The crosses along the plotted line depict the peak systolic
blood pressure for every heartbeat. During approximately
the first 2 plotted minutes, no stimulation signal was deliv-
ered. As seen, the patient’s 1nitial blood pressure was on
average more than 150 mmHg. The oscillations 1 blood
pressure (about £10 mmHg) are attributed to the breathing
cycle, as known 1n the art.

Then, a first stimulation pattern was applied during time
interval a-a', a second stimulation pattern was applied during
time interval b-b', and a third stimulation pattern was applied
during time 1nterval c-c'. In between the stimulation patterns
and after the third stimulation pattern, the heart was not
stimulated.

Attention 1s now drawn to FIG. 2, depicting an enlarged
portion of FIG. 1 marked by dashed rectangle A. During the
time marked by the dashed rectangle in FIG. 2, which
corresponds with the time interval a-a' 1n FIG. 1, a stimu-
lation commenced and was delivered to the patient’s right
atrtum and right ventricle, such that the atrium received a
BPR stimulation signal (pulse) 2 ms before the ventricle.
Stimulation ended at the time marked a' in FIGS. 1 and 2.
During the time interval a-a', the patient’s systolic pressure
initially reduced to a minimal value below 110 mmHg, and
then gradually increased to intermediate values, between the
initial blood pressure and the achieved minimum. At point a',
stimulation stopped and an immediate overshoot in blood
pressure was observed, to a value above 170 mmHg. Within
about a dozen heartbeats, the blood pressure returned to 1ts
initial range.

The changes 1n blood pressure presented in FIGS. 1 and
2 represent, at least in part, the cardiovascular system’s
response to changes 1n blood pressure, known as the barore-
flex. The baroreflex acts to restore blood pressure to 1its
pre-stimulation level by changing cardiovascular character-
istics (e.g., peripheral resistance and/or cardiac contractil-
ity). It may be assumed that the reduction in blood pressure
that resulted from the reduction in ventricular filling pro-
voked a baroreflex response directed towards restoration of
the pre-stimulation blood pressure. The eflect of the barore-
flex on the cardiovascular system 1s evident, for example, at
point a' in FIG. 2. At that point, the stimulation that affected
ventricular filling was withdrawn and blood pressure imme-
diately exceeded pre-stimulation blood pressure. This may
be taken to indicate baroreflex changes to the cardiovascular
system (e.g., peripheral resistance increased and contractil-
ity increased). At point a', where stimulation stopped and
blood pressure peaked, the baroreflex responded to the
increase 1 blood pressure by again changing one or more
characteristics of the cardiovascular system, this time 1n
order to lower the blood pressure to the level before the
change. As can be clearly seen, the response of the barore-
flex feedback to increase and decrease 1n blood pressure 1s
asymmetric i that the response to an increase in blood
pressure 1s much faster than the response to a decrease in
blood pressure. Some embodiments may make use of this
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asymmetry of the baroreflex to reduce or even prevent
adaptation of the reduction in blood pressure due to reduced
filling, for example, by controlling a stimulation pattern
accordingly, as detailed herein.

FIG. 3A depicts an enlarged view of the curve of FIG. 1
between time point a and point a'. In FIG. 3A, an exponential
function was fitted to the plotted curve showing an adapta-
tion response, the function describing a relation between
time and SysBP, and having the following formula:

P=Pi+DP(1-e7"%

Where P (in mmHg) denotes the systolic blood pressure,
P1 (mmHg) 1s a first average reduced blood pressure upon
commencement of BPR stimulation, DP (mmHg) 1s a con-
stant representing the amount of increase in pressure after
the initial decline to a new steady state level, k (sec) 1s a
response time constant, € 1s the mathematical constant, being
the base of the natural logarithm, and t (sec) 1s time.

In FIG. 3A, the matching function was as follows:

P=115+23(1-e71=)

Where P1 was found to be 115 mmHg, DP was 23 mmHg,
and k was 15.5 sec.

FIG. 3B depicts an enlarged view of the portion of FIG.
1 marked by dashed rectangle A'. In FIG. 3B, an exponential
function was fitted to the plotted curve showing an adapta-
tion response to the termination of the delivery of BPR
stimulation. As seen, this response, which manifested 1n a
reduction of blood pressure, was faster than the response to
BPR stimulation.

In FIG. 3B, the matching function was as follows:

P=190-35(1"¢*2%)

Where P1 was found to be 190 mmHg, DP was -35
mmHg, and k was 4.946 sec.

As mentioned above, the baroretlex response to a reduc-
tion 1n blood pressure 1s much slower than the baroretlex
response to an increase 1n blood pressure. This 1s indicated
by the ratio of the atorementioned time constants k (about 15
sec to about 5 sec) with a much faster response to the
increase 1n blood pressure. This asymmetry in the speed of
the baroreflex response may provide means to design a
stimulation pattern that generates an average reduction 1n
blood pressure and reduction or even prevention ol adapta-
tion. For example, 1n a preferred embodiment, a stimulation
pattern may alternate between two stimulation settings 1n a
way that the weighted response favors the changes in the
cardiovascular system invoked by increase i blood pres-
sure. In this embodiment, the heart may be stimulated using
a stimulation pattern having two stimulation settings: the
first setting designed to reduce ventricular filling and thereby
reduce blood pressure, and the second setting designed to
have normal ventricular filling, or at least a higher ventricu-
lar filling, than that of the first setting. This stimulation
pattern may comprise pulses having the first setting (BPR)
delivered for a period of time that 1s shorter than the time
constant of the baroreflex response to the decrease 1n blood
pressure. In such case, adaptation may begin to manifest and
blood pressure may increase from the reduced level, but may
not reach its pre-stimulation level. The stimulation pattern
may also comprise pulses having the second setting (e.g.,
natural AV delay) delivered for a period of time that is longer
than the time constant of the baroretlex response to increase
in blood pressure. In this case, full advantage may be taken
of the baroreflex caused reduction in blood pressure, and
blood pressure may even return to its level before the
stimulation pattern switched to this second setting. The
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weilghted response of the baroreflex 1n such a pattern may
reduce or prevent adaptation while the average pressure may
be lower than a pre-stimulation level. The relation between
the time constants and the period of time allotted to the
delivery of pulses having different settings may determine °
the level of baroreflex response that takes effect during the
whole stimulation pattern. If, for a given stimulation setting,
the period of delivery 1s selected to be shorter than the time
constant of response, the baroretlex may not be able to
change the cardiovascular system back to a pre-stimulation 1©
level, and if the period selected 1s greater than the time
constant, the baroreflex eflect may be more pronounced.

As seen 1n FI1G. 1, at the interval between points b and b',
a second stimulation pattern was delivered. FIG. 4 depicts an
enlarged version of this portion of FIG. 1 (marked by dashed 15
rectangle B 1 FIG. 1). In the second stimulation pattern, a
sequence of 12 BPR pulses were delivered to both an atrium
and a corresponding ventricle at an AV delay of 2 ms,
tollowed by 3 heartbeats at which only atrial stimulation and
no ventricular stimulation was artificially delivered. During 2Y
these last 3 heartbeats, ventricular excitation occurred by the
natural conductance through the AV node that resulted in an
AV delay of ~180 ms. This second stimulation pattern was
repeated for the duration of the shown time interval. In FIG.
4, the exponential function matching the curve was found to 2>
be the following:

P=112+30(1-7%*")

As seen, P1 and also DP were comparable to the corre-
sponding values of the first stimulation pattern (a-a' 1n FIG.
3A). However, k of the second pattern was nearly twice the
time constant of the first stimulation pattern. In this time
interval, adaptation occurred at a slower rate than i FIG.
3A, but blood pressure spiked more than 1t did 1n FIG. 3A
when the pattern switched between the stimulation pulses.
This result demonstrates that the use of a stimulation pattern
having alternating stimulation settings reduced adaptation.

A third stimulation pattern was delivered as well, as seen
in FIG. 1, between poimnts ¢ and c¢'. FIG. 5A depicts an
enlarged view of the portion of FIG. 1 marked by dashed
rectangle C, which includes the portion of the curve between
point ¢ and pomnt ¢'. In the third stimulation pattern, a
sequence of 12 BPR pulses was delivered at an AV delay of
2 ms, followed by 3 BPR pulses, each with a 120 ms AV
delay. This was repeated for the duration of the shown time
interval.

The portion of the curve of FIG. 5A that 1s marked by a
dashed rectangle i1s plotted in FIG. 5B. In FIG. 5B, an
exponential function was fitted to the plotted curve showing

an adaptation response to the delivery of the stimulation
pattern of 12 BPR pulses delivered at an AV delay of 2 ms

followed by 3 BPR pulses, each with a 120 ms AV delay.
In FIG. 5B, the matching function was as follows:
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P=109.7+22.3(1"e *%H

Where P1 was found to be 109.7 mmHg, DP was 22.3

mmHg, and k was 45.4 sec. As seen, while the 1initial
reduction 1n blood pressure was comparable with the one
shown 1 FIG. 3A (P1=115 or 109.5), the adaptation time 60
constant (k) was much higher (45.4 sec v. 13.5 sec), meaning
that a low blood pressure was maintained for a period of
time that 1s about 3 times greater than in FIG. 3A.

Attention 1s now drawn to FIG. 6, wherein a hypertensive
patient’s heart was stimulated at a stimulation pattern having 65
a sequence of 12 BPR pulses delivered at an AV delay of 2
ms, followed by 3 BPR pulses, each with an 80 ms AV delay.
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As seen, 1n this case, the adaptation rate was very low and
almost undetectable at the allotted time 1nterval. An expo-
nential formula could not be matched, suggesting that the
adaption was extremely slow or did not exist.

In FIG. 7, a hypertensive patient’s heart was stimulated
with a stimulation pattern having a sequence of 12 BPR
pulses delivered at an AV delay of 2 ms, followed by 3 BPR
pulses, each with a 40 ms AV delay. Stimulation commenced
at point t, and ended at point t,. There was no measured
adaptation response and the fitting curve was 1n fact linear
and had a fixed average reduced blood pressure of about 112
mmHg, which 1s about 31 mmHg lower than the blood
pressure immediately before and after the time interval t,-t,.

As apparent from the different stimulation patterns shown
before, a stimulation pattern comprising at least one BPR
stimulation can be set to at least approach one or more
targets. For example, in some embodiments, a stimulation
pattern may be set to cause an initial reduction 1 blood
pressure (systolic and/or diastolic) that will exceed a pre-
determined threshold or will be within a predetermined
range. In a more specific embodiment, the blood pressure
may be reduced by at least a given percentage or by at least
a given measure (e.g., 10 or 20 mmHg or even 30 mmHg)
or the blood pressure may be reduced to be within a given
range (e.g., between 90 and 130 mmHg SysBP) or below a
given target (e.g., 130 mmHg SysBP or less). In some
embodiments, a target may include maintaining a reduced
blood pressure for a prolonged period of time within a
reduced average range. For example, the pretreatment blood
pressure may be reduced to a predetermined average blood
pressure for a period of time or a number of heartbeats. In
another embodiment, the target may include causing a given
percentage ol heartbeats to be at the reduced range/thresh-
old. In some embodiments, the target may include reducing
blood pressure while also reducing the level of spikes
between stimulation pulses. For example, a stimulation
pattern may be used to lower the blood pressure to a constant
blood pressure for a predetermined interval of time. In some
embodiments, a stimulation pattern may be used to lower the
blood pressure without significantly influencing the cardiac
output. For example, applying intermittent BPR pulses may
allow pulses with a higher (or even full) atrial kick to occur
between BPR pulses. The pulses with a higher (or even full)
atrial kick may prevent the BPR pulses from significantly
lowering the cardiac output. In another embodiment, reduc-
ing adaptation that relates to lowering total peripheral resis-
tance together with reduction of blood pressure (afterload)
can positively aflect cardiac output by atlecting tlow via the
blood system. In yet another embodiment, pacing at a higher
rate than the patient’s natural rhythm may avoid a negative
ellect on cardiac output that might be associated with lower
stroke volume.

In some embodiments, a time constant of the change 1n
blood pressure of a given pattern may be calculated and the
stimulation pattern may be set to have one or more BPR
stimulation parameters for an amount of time or number of
heartbeats that are set as a certain percentage of the calcu-
lated time constant. For example, in FIGS. 3A and 3B, k was
measured to be about 15 sec for the rate of increase 1n blood
pressure during delivery of a BPR pulses and about 4.9 sec
for the rate of adaptation to the termination of the delivery
of BPR pulses. In some embodiments, 1t may be desired to
prevent blood pressure from increasing beyond a given
value, 1in which case, the period of delivery of the BPR
pulses may be selected to be significantly smaller than k
(e.g., 30% to 60% of k). In this embodiment, the interval
may be selected to be less than 15 sec. Such an interval may
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include about 6-10 sec or about 8-14 heartbeats where the
heart rate 1s about 80 heartbeats per minute.

Optionally, 1t 1s desired to take advantage of the adapta-
tion response to the withdrawal of BPR pulses. In such case,
a greater portion of k might be applied. For example, based
on FIG. 3B, a period of 3-5 heartbeats may be selected
(where k 1s about 4.9 sec). Thus, for example, based on
FIGS. 3A and 3B, the inventors applied the stimulation
pattern of FIG. 4.

The stimulation pattern may be set, for example, to be the
best of a plurality of stimulation patterns (1.e., the one closest
to a set target parameter) and/or it may be selected as the first
tested stimulation pattern that conformed to a set target.

Embodiments of Methods for Setting and/or Selecting a
Stimulation Pattern

An exemplary method 600 for setting and/or selecting a
stimulation pattern 1s schematically depicted in FIG. 8.
Method 600 may be performed during implantation of a
device for performing BPR and/or AC stimulation and/or
periodically to adjust the device operation parameters and/or
continuously during operation. Method 600 may be per-
tformed by system 700, described below. Accordingly, sys-
tem 700 may be configured to perform any step of method
600. Similarly, method 600 may include any steps system
700 1s configured to perform. For example, method 600 may
include any of the functions discussed below with respect to
system 700. Additionally, method 600 may be performed by
device 50, described below 1n reference to FI1G. 14. Method
600 may include any steps device 50 1s configured to
perform.

Throughout the present disclosure, the terms “first,” “sec-
ond,” and “third” are not meant to always imply an order of
events. In some cases, these terms are used to distinguish
individual events from one another without regard for order.

In some embodiments, step 601 may include setting a
target blood pressure value. This target may be an absolute
blood pressure value (e.g., a target blood pressure range, a
target threshold of spike value, and/or number or portion of
spikes 1 a given timeframe), a relative value (e.g., as
compared with the pre-treatment blood pressure of the
patient or as a comparison between a plurality of tested
stimulation patterns), or both. The target blood pressure
value may be a blood pressure value (e.g., measured in
mmHg) and/or a value associated with a formula calculated
to match a blood pressure measurement of a stimulation
pattern, etc. This target blood pressure value may be set
betfore, during, and/or after the other method steps and 1t
may also be amended, for example, if not reached by any
tested simulation pattern.

Step 602 may include delivery of one or more stimulation
patterns, including a first stimulation pattern, to one or more
chambers of a patient’s heart. The first stimulation pattern
may be a generic stimulation pattern or the first stimulation
pattern may already be selected to match a given patient
(c.g., when 1mplanting a replacement device). The first
stimulation pattern may include at least one stimulation
setting configured to reduce or prevent atrial kick 1n at least
one ventricle and/or to control atrial pressure and/or stretch,
for a first time 1nterval.

Step 603 may include sensing one or more parameters
betfore, during, and/or after the delivery of each of one or
more stimulation patterns (step 602). The sensed parameter
(s) may include sensing atrial pressure to assess an overlap
between the maximum of atrial pressure due to contraction
and the maximum of atrial pressure that 1s due to ventricular
contraction. The sensed parameter(s) may include sensing
atrial pressure as a result of delivery of each of one or more
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stimulation patterns (step 602), to assess a pressure obtained
with the stimulation and optionally compare 1t with one or
more of pressures obtaimned with a different stimulation or
without stimulation. Optionally, the parameter(s) may
include a blood pressure value or a blood pressure related
parameter (e.g., a change i blood pressure). In some
embodiments, the sensed parameter(s) may include infor-
mation relating to the timing and/or extent of closure and/or
opening of an AV valve. In some embodiments, the sensed
parameter(s) may include information relating to the timing,
and/or rate of blood tlow between an atrium and ventricle of
the heart. In some embodiments, the sensed parameter(s)
may include sensing pressure within a heart chamber (e.g.,
an atria and/or ventricle). In some embodiments, sensing of
a patient’s AV valve status, or position, (1.e., opened or
closed) may include sensing of heart sounds, for example,
using audio sensors. In some embodiments, sensing of a
patient’s AV valve status may include Doppler sensing
and/or imaging of cardiac movement. In some embodiments,
the patient’s AV valve status may be sensed by a blood flow
SEeNsor.

In some embodiments, sensing of blood flow may be
performed by one or more implanted sensors 1n one or more
cardiac chambers. For example, one or more pressure sen-
sors may be placed in the right ventricle. In some embodi-
ments, a plurality of pressure sensors may be placed 1n a
plurality of chambers. Optionally, measurements of a plu-
rality of sensors may be combined. Optionally, pressure
changes, trends of pressure changes, and/or pressure change
patterns may be used to provide mmformation relating to
blood flow. In some embodiments, comparing relative
changes between two or more sensors in different chambers
may be used.

When a stimulation pattern 1s delivered to a heart (step
602), the one or more parameters may be measured at least
once during delivery of the stimulation pattern or at a
plurality of times or even continuously. Each stimulation
pattern may be delivered more than once.

Step 604 may 1nclude analyzing the sensed parameter(s).
In some embodiments, once at least one stimulation pattern
1s delivered and corresponding parameter(s) are sensed,
analysis may be performed (604). In embodiments 1n which
multiple parameters are sensed, step 604 may include the
following: comparing sensed parameter values to a target;
comparing sensed parameters between two or more stimu-
lation patterns; comparing calculated values (e.g., the k
constant) relating to two or more stimulation patterns; and
comparing additional sensed parameters between two or
more stimulation patterns. In some embodiments, this last
function may be performed to determine and select which
stimulation pattern yields a higher ejection fraction, stroke
volume, cardiac output, and/or a lower battery use.

Step 605 may include setting a pacing (stimulation)
pattern. When more than one parameter 1s sensed, the
stimulation pattern used 1n step 605 may be selected based
on the plurality of parameters, a plurality of target values,
and/or a plurality of target ranges.

In some embodiments, the steps shown in FIG. 8 may be
performed 1n the order shown by the arrows 1n FIG. 8. In
other embodiments, the steps may be performed 1n another
order. For example, step 602 may be performed before
setting a target blood pressure value in accordance with step
601. In some embodiments, a stimulation pattern may be set
to be performed indefinitely. In some embodiments, a stimu-
lation pattern may be set to be performed for a predeter-
mined period of time. For example, 1n some embodiments,
the stimulation pattern set during step 605 may be performed




US 9,526,900 B2

49

for a predetermined period of time and then step 602, step
603, and step 604 may be repeated to determine how another
stimulation pattern affects the patient’s blood pressure.
Then, based on the analysis performed 1n step 604, step 605
may also be repeated.

In some embodiments, method 600 may include a step of
adjusting a first stimulation pattern, thus making the first
stimulation pattern mto a second stimulation pattern. In
some embodiments, step 605 of setting a stimulation pattern
may include adjusting a stimulation pattern. For example,
step 605 may include adjusting a parameter of a first
stimulation setting, e.g., the time interval from step 602. In
another embodiment, step 605 may include adjusting a
parameter of a first stimulation setting configured to reduce
or prevent the atrial kick 1n at least one ventricle and/or to
control atrial pressure and/or stretch. In some embodiments,
step 605 may include adjusting first stimulation pattern to be
a second stimulation pattern configured to cause a reduction
in blood pressure by at least a predetermined amount. In
some embodiments, the predetermined amount may include,
for example, about 8 mmHg to about 30 mmHg. In some
embodiments, the predetermined amount may be at least 4%
of a patient’s pretreatment blood pressure. For example, the
predetermined amount may be about 4% of a patient’s
pretreatment blood pressure to about 30% of a patient’s
pretreatment blood pressure.

In some embodiments, step 605 may include adjusting the
stimulation pattern to be a stimulation pattern configured to
cause an immediate reduction 1n blood pressure by at least
a predetermined amount. For example, in some embodi-
ments, step 605 may include adjusting the stimulation pat-
tern to be a stimulation pattern configured to cause a
reduction 1 blood pressure by at least a predetermined
amount within about 3 sec from an application of electricity
to the heart. In some embodiments, step 605 may include
adjusting the stimulation pattern to be a stimulation pattern
configured to cause a reduction 1n blood pressure by at least
a predetermined amount within at least 5 heartbeats of the
applied electricity. In some embodiments, the reduction 1n
blood pressure resulting from a stimulation pattern set
during step 605 may occur within 1-3 sec of the application
of electricity to the heart or within 1, 3, or 5 heartbeats of the
application of electricity to the heart.

In some embodiments, the reduction 1n blood pressure
resulting from a stimulation pattern set during step 605 may
be such that a patient’s average blood pressure at rest 1s at
least 8 mmHg below the patient’s 1nitial blood pressure at
rest. In some embodiments, the reduction 1n blood pressure
resulting from a stimulation pattern set during step 605 may
be maintained for at least 1 minute. In some embodiments,
the reduction 1n blood pressure resulting from a stimulation
pattern set during step 605 may be maintained for at least 5
minutes. In some embodiments, the blood pressure may
reach a mimmal blood pressure value within less than 5
heartbeats from the beginning of stimulation. For example,
step 605 may include adjusting a first stimulation pattern to
be a second stimulation pattern configured to cause a reduc-
tion 1n blood pressure. In some embodiments, step 605 may
include adjusting the first stimulation pattern to a second
stimulation pattern configured to cause a reduction 1n blood
pressure for a predetermined time interval. For example, the
predetermined time mterval may include at least 1 minute or
at least 5 minutes.

In some embodiments, the second stimulation pattern may
be configured to maintain a blood pressure that does not
exceed a predetermined average value during the predeter-
mined interval by more than a predetermined degree. For

10

15

20

25

30

35

40

45

50

55

60

65

50

example, the predetermined degree may be a diflerence of
about 20 mmHg or less. In some embodiments, the prede-
termined degree may be a difference of about 1 mmHg to
about 8 mmHg. In some embodiments, a patient’s blood
pressure may exceed a predetermined average value for
some heartbeats, but the patient’s average blood pressure
may not exceed the predetermined average value.

In some embodiments, the second stimulation pattern may
include a second stimulation setting configured to reduce or
prevent the atrial kick in at least one ventricle and/or to
control atrial pressure and/or stretch. The second stimulation
setting may be based upon at least one blood pressure
variation parameter calculated from an input data sensed
during application of the first stimulation pattern.

In some embodiments, the second stimulation pattern may
be configured to reduce or limit the magnitude of spikes in
blood pressure between stimulation pulses. In some embodi-
ments, the spikes i blood pressure between stimulation
pulses may be reduced to a percentage of a baseline blood
pressure value. For example, the second stimulation pattern
may be configured to prevent more than an 80% increase in
blood pressure between pulses. In other words, the second
stimulation pattern may be configured to prevent the blood
pressure from spiking more than about 80% between pulses.
In some embodiments, the second stimulation pattern may
be configured to prevent more than a 40% increase i blood
pressure between pulses. In some embodiments, the second
stimulation pattern may be configured to prevent a blood
pressure spike of more than about 10 mmHg to about 30
mmHg between pulses. For example, 1n some embodiments,
the second stimulation pattern may be configured to prevent
a blood pressure spike of more than 20 mmHg between
pulses.

In some embodiments, the second stimulation pattern may
comprise multiple stimulation pulses. At least one stimula-
tion pulse of the multiple stimulation pulses may have a first
stimulation setting configured to reduce atrial kick 1n at least
one ventricle and/or to control atrial pressure and/or stretch.
At least one stimulation pulse of the multiple stimulation
pulses may have a second stimulation setting configured to
reduce the baroreflex response to the reduction 1n atrial kick
or to the control of atrial stretch such that the increase 1n
blood pressure values occurring between stimulation pulses
1s limited to a predetermined value. In some embodiments,
the second stimulation setting may be configured to increase
blood pressure for about 1 heartbeat to 3 heartbeats to invoke
negation of the baroretlex response. In some embodiments,
the second stimulation pattern may 1nclude multiple stimu-
lation pulses having the first stimulation setting and multiple
stimulation pulses having the second stimulation setting. In
such embodiments, between about 1% of the multiple stimu-
lation pulses and 40% of the multiple stimulation pulses of
the stimulation pattern may have the second stimulation
setting. In some embodiments, the second stimulation pat-
tern may include multiple stimulation pulses having the first
stimulation setting and multiple stimulation pulses having
the second stimulation setting. In such embodiments,
between about 1% of the multiple stimulation pulses and
40% of the multiple stimulation pulses of the stimulation
pattern may have the second stimulation setting. In some
embodiments, the stimulation pattern may include a ratio of
stimulation pulses having the first setting to the stimulation
pulses having the second setting based on a ratio of time
constants of the response to increase and decrease 1n blood
pressure. For example, the ratio of stimulation pulses having
the first setting to the stimulation pulses having the second
setting may be based on a ratio of the time constants of the
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changes 1n blood pressure resulting from each of the first
setting and the second setting. In some embodiments, the
first stimulation setting may include a first AV delay and the
second stimulation setting may include a second AV delay,
the first AV delay being shorter than the second AV delay. In
some embodiments, the second stimulation pattern may
include multiple stimulation pulses having the first stimu-
lation setting and one or more stimulation pulses having the
second stimulation setting. In some embodiments, the sec-
ond stimulation pattern may include a ratio of about 8
stimulation pulses to about 13 stimulation pulses having the
first setting to about 2 stimulation pulses to about 5 stimu-
lation pulses having the second setting. In some embodi-
ments, the second stimulation pattern may include at least
one stimulation pulse having a stimulation setting config-
ured to invoke a hormonal response from the patient’s body.
In some embodiments, the first stimulation pattern may
include at least one stimulation pulse having a stimulation
setting configured not to imnvoke a hormonal response from
the patient’s body. In some embodiments, the second stimu-
lation pattern may be applied before the first stimulation
pattern 1n a given sequence ol stimulation patterns.

In some embodiments, method 600 may include alternat-
ing between two or more stimulation patterns. For example,
method 600 may include alternating between two to ten
stimulation patterns.

In some embodiments, the blood pressure sensor and the
controller may be configured to operate at least partially as
a closed loop.

In some embodiments, method 600 may include the
controller executing a plurality of stimulation patterns and
receiving for each of the stimulation patterns a correspond-
ing iput data relating to a patient’s blood pressure during
the stimulation. The plurality of stimulation patterns may
include at least two stimulation patterns each comprising at
least one stimulation pulse having a stimulation setting
configured to reduce or prevent the atrial kick 1n at least one
ventricle and/or to control atrial pressure and/or stretch. The
at least two stimulation patterns may difler from one another
by the number of times or the length of time the at least one
stimulation pulse 1s provided 1n sequence. The at least two
stimulation patterns may differ from one another by the
number of times or the length of time a predetermined AV
delay occurs 1n sequence. In some embodiments, the stimu-
lation setting may be identical i each of the at least two
stimulation patterns. In some embodiments, the stimulation
setting may include an identical AV delay for each of the at
least two stimulation patterns. In some embodiments, the at
least two stimulation patterns may differ from one another
by one or more stimulation settings included within each of
the at least two stimulation patterns.

In some embodiments, method 600 may include the
controller calculating for each of the plurality of stimulation
patterns at least one blood pressure variation parameter
relating to the input data. Method 600 may include the
controller adjusting the stimulation pattern according to the
blood pressure variation parameter. In some embodiments,
method 600 may include the controller adjusting the stimu-
lation pattern to be the stimulation pattern with the best
blood pressure variation parameter. For example, the best
blood pressure varniation parameter may include the blood
pressure variation parameter that displays the lowest degree
of baroreflex. The best blood pressure variation parameter
may include the blood pressure variation parameter that
displays a baroreflex within a predetermined range.

In some embodiments, the second stimulation pattern may
include at least one stimulation pulse having a stimulation
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setting configured to imvoke a hormonal response from the
patient’s body, while in some embodiments, the first stimu-
lation pattern may include at least one stimulation pulse
having a stimulation setting configured not to invoke a
hormonal response from the patient’s body.

In some embodiments, the plurality of stimulation pat-
terns may include a first stimulation pattern and a second
stimulation pattern executed after the first stimulation pat-
tern. The second stimulation pattern may have at least one
stimulation setting that was set based on an algorithm using
blood pressure variation parameters relating to the input data
of the first stimulation pattern.

Embodiments of Systems for Reducing Blood Pressure

FIG. 9 schematically depicts an exemplary system 700 for
reducing blood pressure according to some embodiments.
System 700 may be a device or may comprise a plurality of
devices, optionally associated by wire or wireless commu-
nication. The device(s) may have multiple components
disposed inside a housing and/or connected to the housing
clectronically and/or by wires. As shown 1n FIG. 9, a heart
701 1s connected to a system 700 by one or more stimulation
clectrodes 702. The stimulation electrode(s) may be config-
ured to stimulate at least one chamber of a heart of a patient
with a stimulation pulse. In some embodiments, multiple
clectrode(s) 702 may each be positioned 1n a different
chamber of the heart. For example, one electrode may be
positioned in an atrium and another electrode may be
positioned in a ventricle. In some embodiments, multiple
clectrodes 702 may be positioned in a single chamber. For
example, two electrodes may be positioned in an atrium
and/or two electrodes may be positioned 1n a ventricle. In
some embodiments, one electrode may be positioned 1n a
first chamber and multiple electrodes may be positioned 1n
a second chamber.

In the present embodiment, the electrode(s) 702 may
include typical cardiac pacemaker leads, such as the
Medtronic Capsure® pacing leads. These leads are used to
connect the heart 701 to system 700. The pacing leads may
be constructed with an industry standard IS-1 BI connector
at one end (reference standard ISO 5148-3:2013), electrodes
at the other end, and an 1nsulated conductor system between
them. In some embodiments, the IS-1 BI connector 1is
constructed using stainless steel for the two electrode con-
tacts and silicone as an insulating material. Some embodi-
ments may use polyurethane as an insulating material.

Stimulation of one or more cardiac chambers may be
accomplished by placing a voltage between the two elec-
trodes of the atrial or ventricular cardiac pacing leads
described above. The stimulation circuit uses a network of
transistors (e.g., MOSFETS) to charge a capacitor to a
specific programmable voltage, such as 2.0V, and then
control 1ts connection to the electrodes for a fixed period of
programmable time, such as 0.5 ms. The same network may
also manage a discharge of any residual charge that may be
accumulated on the electrodes after stimulation 1s complete.
The same network may control the type of stimulation
applied, such as bipolar (between the two electrodes) or
unipolar (between one electrode and the stimulator housing).

One or more electrodes may be placed 1n contact with one
or both ventricles and/or one or both atria, as known 1n the
art. Such electrodes may be used to sense and/or deliver
stimuli to the respective cardiac chamber(s). For example,
pacing electrodes can be introduced to both ventricles, with
one electrode mmplanted into the right ventricle and an
additional electrode placed on the left ventricle through the
coronary sinus, and with the system 700 including means to
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generate biventricular stimulation of both ventricles 1n order
to reduce dyssynchrony caused by ventricular stimulation.

System 700 may include a controller 703. System 700
may be an electrical stimulator including a power source 704
(e.g., a battery as known 1n the art of electrical stimulators).
Controller 703 and/or electrode(s) 702 may draw power
from power source 704.

Optionally, the electrical stimulator of system 700 1s
constructed of a hermetically sealed housing and a header.
The housing may be constructed of titanium or any other
biocompatible material, and may contain a power source
704, clectronics, and a telemetry coil or communication
module 707 for communication with an external device. The
power source 704 may be an implantable grade, hermeti-
cally sealed, primary battery. The battery chemistry may be
lithium-1odine. Other embodiments may use larger or
smaller batteries. Other embodiments may use rechargeable
batteries such as Li-1on rechargeable batteries. The electron-
ics 1n some embodiments may be constructed of standard
ofl-the-shelf electronics (e.g., transistors and diodes) and/or
custom electronics (e.g., ASIC).

In order to detect the onset of atrial excitation and/or
ventricular excitation, one or more sensing electrodes may
be implanted at or near a site of interest in the heart. These
sensing electrodes may be the same electrodes used for
delivering pulses to the heart or dedicated sensing elec-
trodes. The electrical activity may be band-pass filtered to
remove unwanted noise and may conform to an international
standard for cardiac pacemakers (reference EN45502-2-1:
2003), with programmable cutofl frequencies. An electrical
circuit may be used to amplity the electrical signals gener-
ated by a propagating activation of the cardiac chamber and
to determine the onset of activation once the electrical
signals fulfill specified criteria, for example, crossing of a
predefined threshold. The signal may, for example, be ampli-
fied, with programmable gains, and then passed to a com-
parator for threshold detection, with programmable detec-
tion thresholds 1n steps of 0.2 mV (atnial) and 0.4 mV
(ventricle). These means of detecting excitation may intro-
duce a delay between the actual onset of activation 1n the
chamber and its detection, since the detecting electrodes
may be away from the origin of excitation and the time 1t
takes for the signal to fulfill the detection criteria might not
be negligible and may be 1n the range of 5 to 50 ms or even
more. In such cases, the timing of the onset of excitation
may be estimated based on the timing of a sensed excitation,
and the delivery of stimulation pulses would be calculated to
compensate for this delay.

Optionally, the controller 703 interfaces with an acceler-
ometer to measure patient activity level. This patient activity
level may be used to adjust the pacing rate and/or BPR
settings and/or the stimulation pattern based upon the
patient’s needs. Activity level may also be used to control a
desired level of effect on blood pressure. For example,
reduction 1n blood pressure may be reduced at high levels of
activity to enable better performance when an increase in
blood pressure 1s required. Optionally, when a patient 1s
mactive (e.g., when sleeping) blood pressure may reduce
naturally, 1n which case pacing may be adjusted 1n order to
avold reducing blood pressure below a desired threshold.
Activity level may also be used to adjust settings based on
baroretlex to allow better response when needed. The sensor
may be, for example, a piezoelectric sensor. Other embodi-
ments may use a MEMS-based accelerometer sensor. Other
embodiments may use a minute ventilation sensor, option-
ally in combination with an accelerometer.
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Controller 703 may be configured to deliver electricity to
the heart 701 via one or more electrodes 702. Controller 703
may be configured to execute a stimulation pattern of
stimulation pulses according to any embodiment of this
disclosure. In some embodiments, the stimulation pulses
may be delivered to at least a ventricle of the heart. In some
embodiments, the stimulation pattern may include a first
stimulation setting and a second stimulation setting different
from the first stimulation setting, with the first stimulation
setting and the second setting configured to reduce or
prevent the atrial kick and/or to control atrial pressure and/or
stretch. In some embodiments, the first stimulation setting,
has a different AV delay than the second stimulation setting.
In some embodiments, the first stimulation setting and/or the
second stimulation setting may be configured such that an
atrial pressure resulting from atrial contraction of an atrium
overlaps 1n time a passive pressure build-up of the atrium,
thereby providing an atrial pressure of the atrium that 1s a
combination of the atrial pressure resulting from atrial
contraction and the passive pressure build-up and i1s higher
than an atrial pressure of the atrtum would be without the
stimulation. In some embodiments, the first stimulation
setting and/or the second stimulation setting may be con-
figured such that maximum atrial stretch 1s at a value that 1s
about equal to or lower than the maximum atrial stretch of
the same heart when not receiving stimulation. In some
embodiments, the first stimulation setting and/or second
stimulation setting are configured to cause an atrium to be at
maximum contraction force when the AV valve 1s open. In
some embodiments, the first stimulation setting and/or sec-
ond stimulation setting are configured to alter the mechanics
ol at least one atrial contraction such that the mechanics of
the at least one atrial contraction are different from the
mechanics of a previous natural atrial contraction. In some
embodiments, the first stimulation setting and/or second
stimulation setting are configured to reduce the force of at
least one atrial contraction. In some embodiments, the first
stimulation setting and/or second stimulation setting are
configured to prevent at least one atrial contraction.

In some embodiments, the controller 703 may be config-
ured to deliver a variety of different AV delays. The con-
troller 703 may be configured to sense when the atrial
contraction or excitation occurs (as described herein) and
then deliver ventricular stimulation a fixed interval after that
or before a future anticipated atrial excitation or contraction.
The interval may be programmable. The controller 703 may
also be configured to stimulate the atrium and then deliver
ventricular stimulation at a fixed interval after that, which
may also be programmable. The programmable interval
may, for example, be changed between 2 ms and 70 ms to
accommodate a desired therapeutic effect or even provide a
negative AV delay of up to -50 ms.

In some embodiments, controller 703 may be configured
to repeat a stimulation pattern multiple times. For example,
controller 703 may repeat a stimulation pattern twice. In
another embodiment, controller 703 may be configured to
repeat a stimulation pattern at least twice 1 a period of an
hour. The stimulation pattern repeated by controller 703 may
include any type of stimulation pattern. For example, the
stimulation pattern may include a stimulation setting con-
figured to reduce or prevent the atrial kick 1n at least one
ventricle and/or to control atrial pressure and/or stretch. In
another embodiment, the stimulation pattern may include
two different stimulation settings each configured to reduce
or prevent the atrial kick 1n at least one ventricle and/or to
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control atrial pressure and/or stretch. These two stimulation
settings may differ by one or more parameters, for example,
by AV delay.

In some embodiments, controller 703 may be configured
to execute one or more consecutive stimulation patterns for
a predetermined time interval. For example, in some
embodiments, the time 1nterval may be 10 minutes or longer.
In another embodiment, the time 1nterval may be 30 minutes
or longer, one hour or longer, or 24 hours or longer. In some
embodiments, the time 1nterval may be a period of months,
such as one month to one year. In some embodiments, the
time 1nterval may be longer than one year. In some embodi-
ments, the one or more consecutive stimulation patterns may
include a first stimulation setting configured to reduce or
prevent the atrial kick 1n at least one ventricle and/or to
control atrial pressure and/or stretch, for a portion of the
time iterval. For example, the one or more consecutive
stimulation patterns may include a first stimulation setting
configured to reduce or prevent the atrial kick 1n at least one
ventricle and/or to control atrial pressure and/or stretch, for
about 50% of a time interval to about 100% of the time
interval. In another embodiment, the one or more consecu-
tive stimulation patterns may include a first stimulation
setting configured to reduce or prevent the atrial kick 1n at
least one ventricle and/or to control atrial pressure and/or
stretch, for about 50% of a time 1nterval to about 85% of the
time interval. In some embodiments, the one or more
consecutive stimulation patterns may include a second
stimulation setting having a longer AV delay than the first
stimulation setting for at least one heartbeat during the time
interval. In some embodiments, the one or more consecutive
stimulation patterns may include a second stimulation set-
ting and/or a third stimulation setting. The second stimula-
tion setting and/or third stimulation setting may each be
different from the first stimulation setting. In some embodi-
ments, the second stimulation setting and/or third stimula-
tion setting may each be configured to reduce or prevent the
atrial kick 1n at least one ventricle and/or to control atrial
pressure and/or stretch. In some embodiments, the second
stimulation setting and/or third stimulation setting may each
be configured not to reduce or prevent the atrial kick 1n at
least one ventricle and/or not to control atrnial pressure and/or
stretch. In some embodiments, the second stimulation set-
ting and/or third stimulation setting may include about 0%
of a time interval to about 50% of the time interval. In some
embodiments, the second stimulation setting and/or third
stimulation setting may include about 0% of a time interval
to about 30% o1 the time interval. In some embodiments, the
second stimulation setting and/or third stimulation setting
may 1nclude about 0% of a time 1nterval to about 20% of the
time 1nterval. In some embodiments, the second stimulation
setting and/or third stimulation setting may include about
5% of a time interval to about 20% of the time interval.

Blood pressure 1s known to vary 1n a circadian manner,
and 1n some cases abnormally high blood pressure 1s preva-
lent only or mostly during part of a 24-hour period (e.g.,
nighttime or daytime or parts thereof). Additionally, blood
pressure 1s known to vary according to physical activity,
with an active person having a higher blood pressure than
the same person at rest. In some cases, 1t may thus be desired
to control the delivery of treatment according to need, for
example, by changing therapy parameters or even withhold-
ing the delivery of cardiac stimulation to reduce blood
pressure. In other words, at different times of the day and/or
when a patient 1s active or at rest, cardiac stimulation may
be changed to adjust parameters of the stimulation, or may
be simply turned on/off. Optionally, the delivery of such
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stimulation may be controlled according to the time of day
and adjusted to a patient’s circadian BP rhythm.

For example, FIG. 21 shows the systolic BP of an
untreated patient during a 24-hour period of monitoring. An
hourly average 1s presented. As shown, the patient’s BP was
abnormally high only during the day (circa 10 am. to 6
p.m.). In such types of cases, it may be preferred to set a
device to deliver pulses configured to reduce atrial kick
and/or to provide AC stimulation only during the time of day
when BP 1s expected to be abnormally high (1.e., when there
1s a need or where a need 1s expected).

Another example 1s shown in FIG. 22. Here a patient’s
untreated blood pressure (represented 1n FIG. 22 by the line
with “x” data points) was shown to be abnormally high
during the night (after 2 p.m. and before 7 a.m.). An increase
in BP during the day was within normal range and may be
attributed to an increase 1 patient activity. Optionally, 1t
may be assumed that this patient would be in need of
treatment only during the night, and a device may be set to
deliver stimulation accordingly. Optionally 1t may be
assumed that the patient does not need treatment during the
day, and a device may be set such that even if an increase 1n
blood pressure 1s measured during the day, such increase
should not elicit the delivery of treatment to reduce blood
pressure. Optionally, the device may be set not to measure
blood pressure during the day. In the example shown 1n FIG.
22, the patient was then treated with a blood pressure
reducing pulse having the following setting: pacing both an
atrium and ventricle with an AV delay of 15 ms for 10
heartbeats followed by pacing the atria and the ventricle for
3 heartbeats with an AV delay of 40 ms. The therapy was
delivered every day starting at 3 p.m. and lasting 13 hours.
The resulting BP was plotted (represented in FIG. 22 by the
with circle data points), and as can be seen, BP was within
normal range essentially throughout the day and displayed
much less variation than 1t did during pre-treatment (under
treatment, BP varied by no more than about 30 mmHg, while
the untreated range varied by more than 40 mmHg).

In some embodiments, an intrinsic (without stimulation)
blood pressure profile of a patient 1s first determined, and
based on that intrinsic profile, stimulation parameters that
generate a desired reduction in blood pressure are then
determined accordingly. FIG. 22 illustrates one example of
such an approach. In some embodiments, blood pressure 1s
measured continuously or mtermittently during operation of
the device, and the stimulation parameters that generate a
desired reduction 1n blood pressure are then determined
accordingly.

In some embodiments, controller 703 may be configured
to execute one or more consecutive stimulation patterns
including a sequence of 10-60 stimulation pulses having a
first stimulation setting configured to reduce or prevent the
atrial kick 1n at least one ventricle and/or to control atrial
pressure and/or stretch. In some embodiments, controller
703 may be configured to execute one or more consecutive
stimulation patterns including a sequence of 1-10 heartbeats
embedded within the 10-60 stimulation pulses and the
sequence of 1-10 heartbeats may have a longer AV delay
than the first stimulation setting. For example, the 10-60
stimulation pulses may 1nclude 5 stimulation pulses having
the first stimulation setting, followed by one heartbeat
having a longer AV delay than the first stimulation setting,
followed by 50 stimulation pulses having the first stimula-
tion setting. The sequence of 1-10 heartbeats may include at
least one stimulation pulse having a first stimulation setting
configured to reduce or prevent the atrial kick 1n at least one
ventricle and/or to control atrial pressure and/or stretch. The
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sequence of 1-10 heartbeats may include a natural AV delay.
The sequence of 1-10 heartbeats may occur without stimu-
lation.

System 700 may further comprise one or more sensors
705. In some embodiments, such sensor(s) 705 may include
one or more sensing eclectrode(s) for sensing electrical
activity of the heart. In some embodiments, one or more
sensing e¢lectrode(s) may include one or more stimulation
clectrode(s) 702. In some embodiments, sensor(s) 705 may
include one or more blood pressure sensors (1mplantable
and/or external). In some embodiments, one or more sensors
705 may include one or more pressure sensors implanted 1n
the heart (e.g., in the atria and/or ventricle). In some embodi-
ments, sensor(s) 705 may include one or more blood flow
sensors (1implantable and/or external). For example, one or
more sensors 705 may include ultrasound sensing of blood
flow through the AV valve. In some embodiments, sensor(s)
705 may 1nclude one or more sensors configured to monitor
the timing of closure of the AV valve. One or more of these
sensors may be configured to operate as a closed loop with
the controller.

Information from sensor(s) 705 may be provided to
controller 703 by any form of communication, including
wired communication and/or wireless communication.
Optionally, system 700 may comprise one or more comimnu-
nication modules 707 for receiving and/or transmitting
information between system components and/or to devices
that are external to the system. In some embodiments,
controller 703 may be configured to receive input data
relating to the patient’s blood pressure. For example, the
input data relating to the patient’s blood pressure may
include data indicative of BP measured at one or more points
in time or of a variation in BP (e.g., a degree of change
and/or a rate of change or a function describing the change
of blood pressure over time) and/or statistical data relating
to BP or variation in BP, maximum and/or mimimum BP
values

Optionally, system 700 may comprise one or more user
interfaces 708 for providing information and/or for allowing
input of information. Providing information may include, for
example, a display of operational information relating to the
system and/or data that was recorded by the system and/or
received by the system during operation. This may include
sensed parameter(s) and/or a relation between sensed param-
cter(s) and operational information (such as stimulation
pattern settings and/or relative timing between delivery of a
given pace and sensed information).

Optionally, user interface 708 may be comprised of a
commercially available laptop computer (e.g., Windows®-
based computer) running a soitware application. The soft-
ware application may serve to generate orders to be deliv-
ered to an interface that 1s, in turn, connected to a hand-held
wand that contains a telemetry circuit for communication
with the implantable stimulator. The orders sent to the wand
may be used to set stimulation parameters and/or to retrieve
device diagnostics, device data, cardiac data, and real-time
cardiac sensing. The interface also allows for connection of
a 3-lead ECG and this data 1s displayed on the laptop
computer screen by the software application. Other embodi-
ments may not include the 3-lead ECG circuitry or may
include 12-lead ECG circuitry. Other embodiments may
incorporate the functionality of the wand, interface, and
laptop computer into a dedicated piece of hardware that
performs all three functions. Other embodiments may also
add printing capability to the user interface 708.

In some embodiments, interface(s) 708 may be configured
such that a user (e.g., medical practitioner) may provide a set
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of control instructions to the system (e.g., target values
and/or ranges and/or other limitations or instructions).
Optionally, mterface(s) 708 may allow a user to mput data
from one or more sensors 705 (e.g., the results of a manual
blood pressure measurement and/or results of an ultrasound
monitor).

Optionally, the one or more user interfaces 708 may allow
a user to select a stimulation pattern (for example, from a set
of stimulation patterns stored in system 700) or impose
constraints on the setting and/or selecting of a stimulation
pattern.

Optionally, system 700 may comprise one or more pro-
cessors 706. Processor(s) may be configured to process
sensed parameters from sensor(s) 705 and/or mput data from
user interface(s) 708 to select a stimulation pattern for
delivery by system 700. Optionally, processor(s) 706 may be
configured to analyze sensed parameters and extract infor-
mation and/or formula constants to be used 1n the selection
and/or evaluation of stimulation patterns.

One or more components of system 700 or portions of
such components may be implanted in the patient, while
some components of system 700 or portions of such com-
ponents may be external to the patient. When some com-
ponents (or component parts) are implanted and others are
not, communication between the components may take
place by wired and/or wireless means, essentially as known
in the art. For example, some or all functions of both
controller 703 and/or processor 706 may be performed
outside the body. Having some components of system 700
external to the patient’s body may assist 1n reducing the size
and/or energy requirements of an implanted device, and/or
in the enhancement of the system’s computation capabili-
ties.

System 700 may include additional functions relating to
control of heart function and overall cardiovascular system
performance. For example, system 700 may include one or
more algorithms and/or electrodes to enable biventricular
pacing or resynchronization therapy to reduce dyssynchrony
that may be caused by ventricular stimulation. In some
embodiments, system 700 may include one or more algo-
rithms to compensate for a possible reduction in cardiac
output. Such an algornithm that may change heart rate 1n
order to increase cardiac output or implement other methods
known 1n the art for controlling cardiac output. In some
embodiments, system 700 may include rate response algo-
rithms to aflect changes in heart rate as a response to certain
circumstances. For example, system 700 may include rate
response algorithms to affect changes 1n heart rate as a
response to changes in level of exercise, ventilation activity,
and/or oxygen consumption. In some embodiments, system
700 may 1include a sensor that detects activity and the
algorithm may turn off stimulation while a patient 1s exer-
cising such that a patient’s blood pressure 1s not reduced. In
some embodiments, system 700 may include a real-time
clock. Such a clock may be used to control the timing of the
stimulation. For example, system 700 may include an algo-
rithm that turns stimulation on and ofl depending upon the
time of day. This type of algorithm may be used to prevent
hypotension during the mght when a patient 1s sleeping.

In some embodiments, a kit including one or more com-
ponents of system 700 and a set of instructions for adjusting
the stimulation pattern based on mput relating to a patient’s
blood pressure may be provided.

Some embodiments may provide a system for reducing
blood pressure configured to deliver stimulation at a rate
higher than the natural heart rate based on sensed natural
heart rate or natural excitation. For example, the system may
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be configured to sense the natural excitation between deliv-
ery of stimulation pulses and 1f a natural activity 1s sensed,
the system may be configured to ihibit the delivery of the
stimulation pulse to the chamber. If 1n a given time frame the
amount of sensed activations exceeds a threshold, the natu-
ral heart rate may be regarded as higher than the rate of
delivery of the stimulation pulses, 1n which case the rate of
delivery may be increased, e.g., to accommodate increased
heart rate of a patient. On the other hand, 1f 1n a given time
frame the amount of sensed activations 1s lower than a
threshold (this threshold may be 0), the natural heartbeat
may be regarded as lower than the rate of delivery of the
stimulation pulses, in which case the rate of delivery may be
reduced, e.g., to avoid over excitation of a patient’s heart. To
achieve this eflect, according to one embodiment, a system
for reducing blood pressure may include a sensor for sensing
an excitation rate of at least one of an atrium and a ventricle
of a patient’s heart, a stimulation circuit configured to
deliver stimulation pulses to an atrium and a ventricle, and
a processor circuit coupled to the stimulation circuit. The
processor circuit may be configured to detect the patient’s
heart rate based on the sensing and operate 1n an operating,
mode 1n which a stimulation pulse 1s provided to each of the
at least one of an atrium and a ventricle. The stimulation
pulse may be delivered at a rate that 1s higher than the sensed
excitation rate and may be configured to stimulate the
ventricle at a time between about 50 ms before and about 70
ms aiter stimulation of the atrium.

Some embodiments may provide a system for reducing
blood pressure based on a predicted next atrial contraction.
For example, a system for reducing blood pressure may
include a sensor for sensing an excitation rate of at least one
of an atrium and a ventricle, a stimulation circuit configured
to deliver a stimulation pulse to at least one of an atrium and
a ventricle, and a processor circuit coupled to the stimulation
circuit. The processor circuit may be configured to operate
in an operating mode 1 which a timing of a next atrial
excitation 1s predicted based on the sensed excitation rate of
the previous atrial excitations, and at least one ventricle 1s
stimulated at a time between about 50 ms before and about
10 ms after the predicted next atrial excitation. The predicted
timing may be based on the time interval between the two
previous sensed atrial excitations and on a function that wall
be based on previously sensed time intervals between atrial
excitations. The function may include the change 1n time
interval, the rate of change 1n time 1ntervals, and/or detection
ol periodic variations 1n time intervals (e.g., periodic varia-
tion due to breathing).

Optionally, a sensor for sensing the excitation rate of at
least one of an atrtum and a ventricle may comprise an
clectrode for sensing atrial excitation.

In a further aspect, prediction of a next atrial contraction
may be based on a function of previous sensed excitations
including rate of change of intervals and periodic vanations.

In a further aspect, the timing of the predicted next atrial
excitation may be adjusted to reflect a delay between an
atrial excitation and a sensing of the atrial excitation.

In a further aspect, the system may further comprise an
additional sensor for sensing a parameter relating to cardiac
activity and for adjusting the time at which the ventricle 1s
stimulated accordingly. The parameter may be a member of
a group consisting of data relating to blood pressure, blood
flow, AV valve status, and wall motion of the heart or a part
thereol. The additional sensor may be selected from the
group consisting of pressure sensors, impedance sensors,
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ultrasound sensors, and/or one or more audio sensors and/or
one or more blood flow sensors. The additional sensor may
be 1mplantable.

Reducing Atrial Kick

Some embodiments stem from the inventors realization
that blood pressure can be reduced by causing a closure of
at least one AV valve during at least part of an atrial
contraction. This will reduce, or even prevent, the contri-
bution of the contraction of the atria to the filling of the
ventricles, and thus reduce cardiac filling at the end of
diastole and consequently reduce blood pressure.

In some embodiments, at least part of an atrial contraction
may occur against a closed AV valve. For example, in some
embodiments, 40% or more of an atrial contraction may
occur against a closed AV valve. In some embodiments, at
least 80% of an atrial contraction may occur against a closed
AV valve. For example the contraction may start approxi-
mately 20 ms or less before the contraction of the ventricle
or the excitation of the atria may occur 20 ms or less before
the excitation of the ventricle. In some embodiments, 100%
of an atrial contraction may occur against a closed AV valve,
in which case ventricle excitation 1s timed such that ventricle
contraction will begin before the commencement of atrial
contraction. This may include exciting the ventricle before
the onset of atrial excitation. The higher the percentage 1s of
an atrial contraction that occurs with the AV valve closed,
the more the atrial kick 1s reduced. Stimulation of both the
atrium and the ventricle may provide better control of the
percentage of an atrial contraction occurring against a closed
valve. Various embodiments may be implemented to cause
at least part of an atrial contraction to occur against a closed
valve. For example, the AV valve may be closed 70 ms or
less after the onset of mechanical contraction of the atrium
or 40 ms or less after the onset of mechanical contraction of
the atrium or even 5 or 10 ms or less after the onset of
mechanical contraction of the atrium. In some embodiments,
the AV valve may be closed before the onset of mechanical
contraction of the atrtum. For example, the AV valve may be
closed within 5 ms before the onset of the mechanical
contraction of the atrium. In some embodiments, the AV
valve may be closed at the same time as the onset of the
mechanical contraction. In some embodiments, the AV valve
may be closed after the onset of the mechanical contraction
of the atrium. For example, the AV valve may be closed
within 5 ms after the onset of mechanical contraction of the
atrium.

In some embodiments, the onset of a contraction of a
chamber may be sensed and a stimulation pulse may be
timed relative to the sensed onset of a contraction. The onset
of contraction in a chamber 1s the start of active generation
of contractile force 1n the chamber. The onset of contraction
can be sensed by a rapid change 1n pressure that 1s not related
to the flow of blood into the chamber. The onset of contrac-
tion may also be sensed by measuring the movement of the
walls of a cardiac chamber or measuring the reduction in
volume of a chamber using an ultrasound. These methods of
sensing the onset of a contraction may have a delay between
the actual onset of the contraction and the sensing of an
onset of contraction.

In some embodiments, the AV valve may be closed after
the onset of contraction of at least one atrium. For example,
the AV valve may be closed about 0 ms to about 70 ms after
the onset of contraction of at least one atrium. In some
embodiments, the AV valve may be closed about O ms to
about 40 ms after the onset of conftraction of at least one
atrium. In some embodiments, the AV valve may be closed
about O ms to about 10 ms after the onset of contraction of
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at least one atrium. In some embodiments, the AV valve may
be closed about O ms to about 5 ms after the onset of
contraction of at least one atrium.

Typically, an atrial contraction may begin about 40 ms to
about 100 ms after the onset of atrial excitation. In some
embodiments, the AV valve may be closed after the onset of
atrial excitation. For example, the AV valve may be closed
about 40 ms to about 170 ms after the onset of atrial
excitation. For example, the AV valve may be closed about
40 ms to about 110 ms after the onset of atrial excitation. In
another embodiment, the AV valve may be closed about 40
ms to about 80 ms after the onset of atrial excitation. For
example, the AV valve may be closed about 40 ms to about
75 ms after the onset of atrial excitation. For example, the
AV valve may be closed about 40 ms to about 50 ms after
the onset of atrial excitation.

In some embodiments, the onset of excitation 1n a cham-
ber may be sensed and a stimulation pulse may be timed
relative to the sensed onset of excitation. The onset of
excitation 1s the 1mitiation of a propagating action potential
through a chamber. The onset of excitation may be sensed by
sensing the local electrical activity of a chamber using a
sensing electrode connected to an amplifier. The onset of
excitation can also be detected by electrocardiography.

In some embodiments, methods of sensing the onset of
excitation may have a delay between the actual onset of the
excitation and the sensing of an onset of excitation. The
timing of a sensed atrial excitation may be determined by
taking into account the delay between actual onset of
excitation and the sensing thereof. For example, 1f a sensing
delay 1s estimated to be 20-40 ms, and stimulation pulses are
to be delivered 0-70 ms after onset of atrial excitation, a
system may be set to deliver pulses between 40 ms before
the next anticipated sensing event to 30 ms after the next
anticipated sensing event or 30 ms after the next sensing
event. Likewise, 11 the stimulation pulses are to be delivered
to the ventricle 0-50 ms before onset of atrial excitation,
assuming the same 20-40 ms sensing delay, a system may be
set to deliver pulses between 40 ms before the next antici-
pated sensing event to 90 ms before the next anticipated
sensing event. Sensing delays may be due to one or more of
a distance between the site of onset of excitation and a
sensing electrode, the level of the electrical signal, charac-
teristics of the sensing circuit, and the threshold set of a
sensing event. The delay may include, for example, the
duration of the signal propagation from the origin of exci-
tation to the electrode location, the duration related to the
frequency response of the sensing circuit, and/or the dura-
tion necessary for the signal propagation energy to reach a
level detectable by a sensing circuit. The delay may be
significant and can range, for example, between about 5 ms
to about 100 ms. One approach for estimating the delay 1s to
use the time difference between an AV delay measured when
both atrium and ventricle are sensed and the AV delay when
the atrtum 1s paced and the ventricle 1s sensed. Other
approaches may use calculation of the amplifier response
time based on the set threshold, signal strength, and fre-
quency content. Other approaches may include moditying
the delay used with atrial sensing until the effect on blood
pressure 1s the same as the effect obtained by pacing both
atrium and ventricle with the desired AV delay.

In some embodiments, the AV valve may be closed before
the onset of excitation or contraction of at least one atrium.
For example, the AV valve may be closed within about 0 ms
to about 5 ms before the onset of excitation or contraction of
at least one atrium. In some embodiments, the AV valve may
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be closed at the same time as the onset of excitation or
contraction of at least one atrium.

In some embodiments, direct mechanical control of AV
valve closure may be performed. In such embodiments, a
mechanical device or a portion thereof may be implanted in
the patient, and operated to cause the closing of a valve
between the atrium and ventricle. For example, an artificial
valve may be implanted 1n the patient’s heart and operated
to close mechanically in accordance with some embodi-
ments. In such embodiments, instead of or 1in addition to
providing a stimulation pattern, the aforementioned closure
of the AV valves may be accomplished by controlling the
functioning of the implanted valve.

In some embodiments, a shortened or even negative time
interval between the onset of atrial excitation and ventricular
excitation 1s employed to reduce cardiac filling, thereby
reducing blood pressure. As used herein, a negative time
interval between the onsets of atrial excitation and ventricu-
lar excitation means that 1n a single cardiac cycle, the onset
ol excitation for the at least one ventricle occurs before the
onset of atrial excitation. In this case, atrial contraction may
take place, at least partially, against a closed AV valve, since
the generated pressure in the ventricles may be greater than
the pressure in the atria. A short time after the mitiation of
ventricular contraction, the pressure in the ventricles may
exceed the pressure 1n the atria and may result 1n the passive
closure of the valve. This closure of the valve may reduce or
even obliterate the atrial kick and, in turn, reduce ventricular
filling. Consequently, the force of ventricular contraction
may be reduced and blood pressure may drop.

The time between the start of excitation and the start of
the mechanical contraction 1n each cardiac chamber 1s not
fixed. Thus, the timing of excitation does not guarantee the
same ellect on the timing between contractions. However, 1n
some embodiments, the timing between excitations 1s used
as a frame of reference for practical reasons. The ultimate
purpose of controlling the timing of excitation 1s to control
the timing of a contraction.

In some embodiments, a shortened or even negative time
interval between the onset of atrial contraction and ventricu-
lar contraction may be employed to reduce cardiac filling,
thereby reducing blood pressure. In this case, better control
over the contribution of the atria may be obtained since the
start of the contraction of the ventricle will result with the
closure of the valve.

In some embodiments, 40% or more of an atrial contrac-
tion may occur during ventricular systole. For example, the
atrial contraction may start approximately 60 ms or less
betfore the contraction of the ventricle, or the excitation of
the atria may occur 60 ms or less before the excitation of the
ventricle. In some embodiments 80% or more of an atrial
contraction may occur during ventricular systole. For
example, the contraction may start approximately 20 ms or
less before the contraction of the ventricle, or the excitation
of the atria may occur 20 ms or less before the excitation of
the ventricle. In some embodiments, 100% of an atrial
contraction may occur during ventricular systole, in which
case ventricle excitation 1s timed such that ventricle con-
traction will begin before the commencement of atrial
contraction. This may include exciting the ventricle before
the onset of atrial excitation.

Some embodiments provide a method for causing the
contraction of at least one ventricle of a heart, such that the
at least one ventricle contracts during or before the contrac-
tion of the corresponding atrium. One way to achieve this
goal 1s by exciting the ventricle at a point in time between
about 50 ms before to about 70 ms after the onset of
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excitation of the corresponding atrium. In some embodi-
ments, the time interval between the onset of excitation of at
least one ventricle and the onset of excitation of the corre-
sponding atrium may be zero. In other words, the onset of
excitation for the at least one ventricle may occur at the same
time as the onset of excitation of the corresponding atrium.
In some embodiments, the onset of excitation of the ven-
tricle may occur between about 0 ms to about 50 ms before
the onset of atrial excitation. In some embodiments, the
onset of excitation of the ventricle may occur at least 2 ms
before to at least 2 ms after the onset of excitation of the at
least one atrium. In some embodiments, the onset of exci-
tation of the ventricle may occur at least 10 ms before to at
least 10 ms after the onset of excitation of the at least one
atrium. In some embodiments, the onset of excitation of the
ventricle may occur at least 20 ms before to at least 20 ms
after the onset of excitation of the at least one atrium. In
some embodiments, the onset of excitation of the ventricle
may occur at least 40 ms before to at least 40 ms after the
onset of excitation of the at least one atrium.

In some embodiments, a method may comprise delivering
a stimulation pulse from a stimulation circuit to at least one
of an atrium and a ventricle, and operating a processor
circuit coupled to the stimulation circuit to operate 1 an
operating mode 1n which a ventricle 1s stimulated to cause
ventricular excitation to commence between about O ms and
about 50 ms before the onset of atrial excitation 1n at least
one atrium, thereby reducing the ventricular filling volume
from the pretreatment ventricular filling volume and reduc-
ing the patient’s blood pressure from the pretreatment blood
pressure. In such embodiments, atrial excitation may be
sensed to determine the onset of atrial excitation. The time
interval between the onset of atnial excitation and the
moment that atrial excitation 1s sensed may be known and
used to calculate the timing of the onset of atrial excitation.
For example, 11 1t 1s known that atrial excitation 1s sensed 20
ms after the onset of atrial excitation and the ventricle 1s to
be stimulated 40 ms before the onset of atrial excitation, then
the ventricle 1s to be stimulated 60 ms before the anticipated
sensing of atrial excitation. In other embodiments, the
method may comprise operating a processor circuit coupled
to the stimulation circuit to operate 1n an operating mode 1n
which an atrium 1s stimulated to cause atrial excitation to
commence between about 0 ms and about 50 ms after the
onset of ventricular excitation in at least one ventricle,
thereby reducing the ventricular filling volume from the
pretreatment ventricular filling volume and reducing the
patient’s blood pressure from the pretreatment blood pres-
sure. For example, the processor circuit may be configured
to operate 1n an operating mode i which one or more
excitatory pulses are delivered to an atrium between about O
ms and about 50 ms after one or more excitatory pulses are
provided to the patient’s ventricle. In such embodiments, the
pacing may be timed without relying on sensing atrial
excitation. Optionally, 1n such embodiments, atrial excita-
tion 1s sensed 1n order to confirm that one or more excitatory
pulses are delivered to an atrium belfore a natural excitation
takes place. Optionally, atrial excitation 1s set to commence
between about 0 ms and about 50 ms after the onset of
ventricular excitation when the intrinsic atrial excitation rate
1s lower than the intrinsic ventricular excitation rate.

In some embodiments, a device may comprise a stimu-
lation circuit configured to deliver a stimulation pulse to at
least one of an atrtum and a ventricle. The device may
comprise a processor circuit coupled to the stimulation
circuit. In some embodiments, the processor circuit may be
configured to operate in an operating mode in which a
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ventricle 1s stimulated to cause ventricular excitation to
commence between about 0 ms and about 50 ms before the
onset of atrial excitation in at least one atrium, thereby
reducing the ventricular filling volume from the pretreat-
ment ventricular filling volume and reducing the patient’s
blood pressure from the pretreatment blood pressure. In such
embodiments, atrial excitation may be sensed to determine
the onset of atrial excitation. The time interval between the
onset of atrial excitation and the moment that atrial excita-
tion 1s sensed may be known and used to calculate the timing
of the onset of atrial excitation. For example, 11 it 1s known
or estimated that atrial excitation 1s sensed 20 ms after the
onset of atrial excitation and the ventricle 1s to be stimulated
40 ms before the onset of atrial excitation, then the ventricle
1s to be stimulated 60 ms before the anticipated sensing of
atrial excitation. In other embodiments, the processor circuit
may be configured to operate 1n an operating mode 1n which
an atrium 1s stimulated to cause atrial excitation to com-
mence between about O ms and about 50 ms after the onset
of ventricular excitation 1n at least one ventricle, thereby
reducing the ventricular filling volume from the pretreat-
ment ventricular filling volume and reducing the patient’s
blood pressure from the pretreatment blood pressure. For
example, the processor circuit may be configured to operate
in an operating mode 1n which one or more excitatory pulses
are delivered to an atrium between about 0 ms and about 50
ms aiter one or more excitatory pulses are provided to the
patient’s ventricle. In such embodiments, the pacing may be
timed without relying on sensing atrial excitation. Option-
ally, in such embodiments atrial excitation 1s sensed 1n order
to confirm that one or more excitatory pulses are delivered
to an atrium before a natural excitation takes place. Option-
ally, atrial excitation 1s set to commence between about 0 ms
and about 50 ms after the onset of ventricular excitation
when the infrinsic atrial excitation rate 1s lower than the
intrinsic ventricular excitation rate.

FIGS. 10A and 10B depict a healthy anesthetized camine
heart, showing an electrocardiogram (ECG), left ventricle
pressure (LVP) and arterial (blood) pressure (AP) traced
over a period of time. In FIG. 10A, before point 101, the
heart was allowed to beat naturally, and the ECG, LVP, and
AP were traced. At point 101, ventricular pacing com-
menced. The ventricle was paced 2 ms aiter the onset of
atrial excitation. This pacing caused an immediate change 1n
the ECG, which was concomitant with a reduction of both
LVP and AP. The pacing continued at a 2 ms time interval
between the onset of atrial confractions and the onset of
ventricular pacing until point 103 1 FIG. 10B, where pacing
ceased. As seen, immediately upon cessation of pacing, the
ECG, LVP, and BP all returned essentially to the same values
as belore pacing.

FIGS. 11A and 11B show a hypertensive canine heart
under a natural heartbeat (FIG. 11A) and when paced at a
time interval of 2 ms between the onset of atrial contractions
and ventricular pacing (FIG. 11B). Each of these figures
shows traces of an ECG, right ventricular pressure (RVP), a
magnified portion of the RVP, and right atrial pressure
(RAP) of the heart.

In FIG. 11A, the P wave and QRS of the natural heartbeat
are clearly seen. An increase in atrial pressure 1s seen
following the P wave as a result of atrial contraction. In the
RVP trace, a sharp increase in RVP 1s seen following a QRS
complex on the ECG. This 1s a manifestation of ventricular
contraction. When observed at a higher magnification, this
sharp increase 1 RVP 1s preceded by an earlier, smaller
increase in RVP, which coincides with atrial contraction and
a reduction i1n atrial pressure and 1s a result of blood
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emptying from the atrium into the chamber. This 1s the atrial
kick. In FIG. 11B, where pacing 1s at a time interval of 2 ms,
the P wave 1s essentially unnoticeable on the ECG, and an
artifact of the electrical stimulator 1s discernible. The atrial
kick 1n this case 1s not visible on the magnified trace of right
ventricular pressure because the atrial contraction occurred
at the same time or even a little after the start of ventricular
contraction.

In FIG. 12, a hypertensive canine heart was paced either
at a time 1nterval ol 60 ms between the pacing of the atria
and the pacing of the ventricle (trace portions 105 and 107)
or a time nterval 120 ms of between atrial and ventricular
pacing (trace portion 109). The trace shows the ECG of the
heart, leit ventricular pressure (LVP), right ventricular pres-
sure (RVP), a magnification of RVP, and right atrial pressure
(RAP). As seen 1n trace portions of RVP magnified corre-
sponding with trace portions 105 and 107, the atnial kick
during pacing at the 60 ms time interval 1s very slight and the
contraction of the ventricle begins slightly after the peak of
atrial contraction. In this case the contribution of atrial kick
to ventricular filling 1s markedly reduced but not totally
climinated and, on the other end, the peak of atrial contrac-
tion does not occur against a closed valve and atnial stretch
does not increase. During pacing at a time interval of 120
ms, the atrial kick 1s clearly seen (portion 109 1n trace RVP
magnified), but the start of the ventricular contraction and
the closure of the AV valve occur before the completion of
atrial contraction, thereby slightly reducing the contribution
of the atrial kick to ventricular filling.

In FIG. 16, the heart of a hypertensive patient was paced
with different AV delays. This example shows the results
obtained by pacing in both an atrium and a corresponding
ventricle versus pacing only the ventricle based on the
sensed pulses in the atrium. During interval d-d', atrial
pulses were sensed and ventricular pulses were paced with
an AV delay of 2 ms. Durning interval e-¢', the atrium and
ventricle were both paced with an AV delay of 2 ms. During,
interval 1-1, the atrtum and the ventricle were both paced
with an AV delay of 40 ms. During interval g-g', the atrium
and the ventricle were both paced with an AV delay of 20 ms.
During interval h-h', the atrium and the ventricle were both
paced with an AV delay of 80 ms. As shown 1n this example,
when comparing interval d-d' with interval e-¢', the blood
pressure 1s reduced more when the atrium i1s paced during
interval e-¢' than when atrial activity was just sensed. As also
shown 1n this example, when comparing interval e-¢', inter-
val 1-1, interval g-g', and interval h-h', the shorter AV delays
caused more of a reduction 1n blood pressure than the longer
ones. For example, nterval g-g' (20 ms AV-delay) shows a
higher blood pressure than interval e-¢' (2 ms AV-delay). As
shown from the results of this example, the changes 1n blood
pressure may be caused at least partially by the different AV
delays, which result in different percentages of atrial con-
traction against a closed valve.

Exemplary Embodiments of Methods for Reducing Atrial
Kick

An exemplary method 40 for reducing blood pressure 1s
depicted schematically i FIG. 13. Method 40 may be
performed by device 50 of FIG. 14, described below.
Accordingly, device 50 may be configured to perform any or
all steps of method 40. Similarly, method 40 may include
any steps device 50 1s configured to perform. For example,
method 40 may include any of the functions discussed above
with respect to device 50. Method 40 may 1include any steps
from method 600. Similarly, method 600 may include any
steps from method 40. Method 40 may include any steps that
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system 700 may be configured to perform. System 700 may
be configured to perform any or all steps of method 40.

In some embodiments, method 40 may include a step 41
ol atrial excitation. In some embodiments, step 41 includes
sensing an atrial excitation. For example, step 41 may
include sensing an intrinsic atrial excitation. In some
embodiments, step 41 includes triggering atrial excitation.
Method 40 may include a step 42 1n which a time interval 1s
applied. Method 40 may include a step 43 of triggering AV
valve closure. In some embodiments, step 43 may be per-
formed by applying an excitatory current to the at least one
ventricle and/or by actuating an artificial valve between the
at least one atrium and the corresponding ventricle(s) to
close. In some embodiments, step 41, step 42, and step 43
may be repeated as depicted by a return arrow leading back
to step 41 from step 43. In some embodiments, an excitatory
current may be applied to both ventricles, at the same time
or in sequence. In some embodiments, where both ventricles
are paced 1n sequence, the time interval may be measured
between the onset of excitation of at least one atrium (e.g.,
the right atrium) and the onset of excitation of the corre-
sponding ventricle to be paced (e.g., the nght ventricle). In
some embodiments, where the time interval 1s set to be zero
or negative, step 43 may be performed before or at the same
time as step 41. In some embodiments, the time interval may
be measured 1n milliseconds.

Optionally, contraction of the atrium and the ventricle
may be caused by controlling both contractions (e.g., by
controlling the excitations leading to the contractions).
Optionally, the onset of excitation of the atrium 1s sensed,
which sensing triggers the closing of a valve at the pre-
scribed timing interval. Optionally, both atria are paced. In
some embodiments, where both AV valves are closed 1n
sequence (e.g., as both ventricles are paced 1n sequence), the
timing interval 1s measured from the onset of excitation of
the first atrium to be paced and the onset of the valve closing
or the onset of excitation of at least one ventricle. Optionally
the timing of an excitation (e.g., the onset of excitation) of
one or more chambers 1s estimated, for example based on the
timing in one or more preceding heart cycles, and one or
more excitation stimuli are delivered to the same and/or to
a different chamber at a desired time interval before and/or
alter the estimated timing.

In some embodiments, method 40 may be repeated for
every heartbeat. In some embodiments, method 40 may be
performed mtermittently. For example, the method may be
applied once every few heartbeats. Alternatively, method 40
may be applied for a few heartbeats, stopped for one or more
heartbeats, and then applied again. For example, method 40
may be applied for 5 to 15 heartbeats, stopped for 2 to 5
heartbeats, and then resumed again. In some embodiments,
the pattern of application/avoiding application may be more
complex and may be optionally based on a predefined
algorithm. For example, an algorithm may adjust parameters
of stimulation rather than simply stop and start stimulation.
Application of method 40 1n some embodiments reduces
ventricle filling between heartbeats thereby potentially
reducing the ejection profile. As used herein, the ejection
profile of a heart 1s the total amount of blood pumped by the
heart 1n a given period of time. In some embodiments, an
intermittent application of method 40 may be applied to
counteract a reduction in the ejection profile of the heart.

In some embodiments, the time 1nterval applied in step 42
may be selected based on feedback. In such cases, method
40 may 1include step 44 of sensing a feedback parameter
from one or more of the heart chambers, any portion thereof,
and/or the body of the patient. For example, feedback
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information may be obtammed by monitoring directly or
indirectly one or more of the atrial kick, blood pressure (e.g.,
at an artery), ventricular pressure, and/or atrial pressure. In
some embodiments, feedback information may additionally
or alternatively include the degree of overlap between the
time when the atrium contracts and the time when the AV
valve 1s closed and/or the time when the ventricle contracts.
For example, an ultrasound sensor may be used to detect
cardiac activity, for example, by ultrasound i1maging of
cardiac activity or by creating an echocardiogram (ECHO).
In some embodiments, step 44 may include using an ultra-
sound sensor to detect the flow of blood (e.g., the velocity
of flow) and/or cardiac tissue movement at any arbitrary
point using pulsed or continuous wave Doppler ultrasound.
Optionally, step 44 may include using an ultrasound sensor
to detect an A wave corresponding to the contraction of the
left atrium and the flow of blood to the left ventricle.

Method may include a step 45 of adjusting the time
interval from step 42 based on the feedback information
from step 44. For example, step 45 may include adjusting the
time 1nterval based on a sensed blood pressure. As shown by
the arrow directed from step 45 to step 41 1n FIG. 13, step
41, step 42, step 43, and/or step 44 may be repeated after
performing step 45. In some embodiments, the time nterval
may be iitially set at a first value during step 41 and, based
on feedback sensing performed during step 44, the time
interval may be reduced or increased during step 45 until the
teedback value 1s within a given range (or above or below
a given value). For example, the time interval may be
adjusted until such time that systolic blood pressure 1s above
100 mmHg and/or below 140 mmHg and/or diastolic blood
pressure 1s below 90 mmHg and/or above 60 mmHg.

In some embodiments, step 44 and step 45 may be
performed during operation of method 40 for every appli-
cation of step 43 (e.g., application of a ventricular pacing
stimulus). In some embodiments, alternatively or addition-
ally, step 44 and step 45 may be performed upon providing
a device to a patient (e.g., by implantation of the device)
according to one or more embodiments. The adjusting steps
may be repeated periodically (for example by a care taker
during a checkup) and/or intermittently (for example once
an hour or once every few applications of a ventricular
pacing stimulus). In some embodiments, step 45 may be
performed when feedback information indicates that one or
more sensed parameters exceed a preset range for a period
of time that exceeds a predefined period.

The steps of method 40 may be performed in any order.
For example, the steps may be performed in the order
indicated by the arrows shown in FIG. 13. In another
embodiment, step 42 may be performed before step 41.

The timing of atrial contraction, atrial excitation, ven-
tricular contraction, closing and/or opening of the AV valve
(s), and/or the flow or lack thereotf of blood from one or more
atria to the respective ventricle(s) and/or blood pressure may
be detected by any method known 1n the art and may be used
as feedback control. In some embodiments, the onset of
excitation may be used as a trigger for the delivery of an
excitatory stimulus to one or more ventricles. The sensed
information may be additionally or alternatively be used 1n
the adjusting of a timing 1nterval of the device.

Optionally, feedback parameters may allow responding to
conditions that require additional throughput from the heart,
and rather than adjust the timing interval they may be used
to automatically stop the causing of valve closing at a
shortened timing interval. For example, the feedback param-
cters may lead to an adjustment during exercise. In this
example, a heart rate sensor may be used to provide feed-
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back imnformation on the heart rate of the patient. If the heart
rate 1s above a given threshold the feedback may be used to
cause the device to stop. The device may be activated again
based on sensed feedback information, for example, when
the heart rate 1s below a given threshold and/or after a
predetermined period has passed.

Embodiments of Devices for Reducing Blood Pressure

Attention 1s now drawn to FIG. 14, which schematically
depicts an exemplary device 30 according to an embodi-
ment. Device 50 may be constructed and have components
similar to a cardiac pacemaker essentially as known in the
art with some modifications as discussed herein. Optionally,
the device 1s implantable. Optionally, the device comprises
components that may provide additional and/or alternative
clectrical treatments of the heart (e.g., defibrillation). Device
50 may be configured for implantation in the body of a
patient essentially as 1s known 1n the art for implantable
pacemakers, optionally with some modifications as dis-
cussed herein. Device 50 may include any components of
system 700 and system 700 may include any components of
device 50.

Device 50 may include a biocompatible body 31, one or
more controllers 52, a power source 53, and a telemetry unit
56. Body 51 may comprise a housing for encasing a plurality
of components of the device. Controller(s) 32 may be
configured to control the operation of the device, and may
implement any of the embodiments and methods disclosed
herein. For example, controller(s) 52 may control the deliv-
ery of stimulation pulses. In some embodiments, power
source 33 may include a battery. For example, power source
53 may include a rechargeable battery. In some embodi-
ments, power source 53 may include a battery that 1s
rechargeable by induction. In some embodiments, telemetry
unit 56 may be configured to commumnicate with one or more
other units and/or components. For example, telemetry unit
56 may be configured to communicate with an external
programmer and/or a receiving unit for receiving data
recorded on device 50 during operation.

In some embodiments, device 50 may be configured to be
attached to one or more electrodes and/or sensors. The
clectrodes and/or sensors may be integrated in device 50,
attached thereto, and/or connectable therewith. In some
embodiments, the electrodes may include ventricular elec-
trode(s) 561 configured to pace at least one ventricle.
Additionally or alternatively, the device may be connected,
optionally via wires or wirelessly, to at least one implanted
artificial valve 562. Additionally, device 50 may comprise
one or more atrial electrode(s) 57 for pacing one or more
atria, and/or one or more atrial sensors 58 for sensing the
onset of atrial excitation, and/or one or more sensors 59 for
providing other feedback parameters.

In some embodiments, sensor(s) 39 may comprise one or
more pressure sensors, electrical sensors (e.g., ECG moni-
toring), tlow sensors, heart rate sensors, activity sensors,
and/or volume sensors. Sensor(s) 59 may include mechani-
cal sensors and/or electronic sensors (e.g., ultrasound sen-
sors, electrodes, and/or RF transceivers). In some embodi-
ments, sensor(s) 39 may communicate with device 50 via
telemetry.

In some embodiments, ventricular electrode(s) 561 and/or
atrial electrode(s) 57 may be standard pacing electrodes.
Ventricular electrode(s) 561 may be positioned relative to
the heart at positions as known 1n the art for ventricular
pacing. For example, ventricular electrode(s) may be placed
in and/or near one or more of the ventricles. In some
embodiments, atrial electrode(s) 57 may be placed 1n and/or
near one or more of the atria. In some embodiments, atrial
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clectrode(s) 57 may be attached to the one or more atria at
one or more positions selected to provide early detection of
atrial excitation or depolarization. For example, 1n some
embodiments, atrial electrode(s) 57 may be attached to the
right atrtum near the site of the sinoatrial (SA) node.

One position of ventricular electrode(s) 561 may be such
that pacing may reduce or mimimize the prolongation of
QRS when the heart 1s paced, to reduce or even minimize
dyssynchrony. In some embodiments, this position 1s on the
ventricular septum near the Bundle of His. Ventricular
clectrode(s) 561 may additionally or alternatively be placed
on the epicardium of the heart or 1n coronary veins. More
than one electrode can be placed on the ventricles to provide
biventricular pacing, optionally to reduce dyssynchrony.

Device 50 may include a pulse generator, or stimulation
circuit, configured to deliver a stimulation pulse to at least
one cardiac chamber. The pulse generator, or stimulation
circuit, may include some or all standard capabilities of a
conventional pacemaker. Controller 52 may be configured to
control the pulse generator, or stimulation circuit. Atrial
sensor(s) 38 (and optionally other electrode sensors config-
ured to sense other heart chambers) may be connected to
device 50 via specific circuits that will amplify the electrical
activity of the heart and allow sampling and detection of the
activation of the specific chamber. Other circuits may be
configured to deliver stimulation to a specific electrode to
pace the heart, creating propagating electrical activation.

In some embodiments, one or more additional sensors 59
may be placed in and/or on one or more of the atria and/or
in and/or on one or more of the ventricles and/or 1n and/or
on one or more other locations that might optionally be
adjacent the heart. For example, one or more sensors may be
placed on and/or 1n vena cava and/or on one or more arteries
and/or within one or more cardiac chambers. These sensors
may measure pressure, or other indicators, such as, for
example, impedance and/or flow.

In some embodiments, controller 52 may comprise or be
a microprocessor powered by power source 53. In some
embodiments, device 50 may comprise a clock 54, for
example, generated by a crystal. Device 30 may comprise an
internal memory 35 and/or be connected to external
memory. For example, device may connect to an external
memory via telemetry unit 56. In some embodiments, telem-
etry unit 56 may be configured to allow communication with
external devices such as a programmer and/or one or more
of sensors 59. Any and all feedback information and/or a log
of device operation may be stored in internal memory 535
and/or relayed by telemetry unit 56 to an external memory
unit.

In some embodiments, controller 52 may operate in
accordance with at least one embodiment of a method
described herein.

In some embodiments, device 50 may comprise one or
more sensors for sensing one or more feedback parameters
to control the application of the AV delay and/or 1ts mag-
nitude.

Embodiments of Artificial Valves

Additionally or alternatively, device 50 may be config-
ured to directly control the operation of at least one
implanted artificial valve 562. Attention 1s now drawn to
FIG. 15, which schematically depicts an artificial valve 60
according to an embodiment of the imvention. Valve 60 as
depicted 1n the example 1s a bi-leaflet, essentially as known
in the art for artificial valves. While the following example
relates to a bi-leatlet valve 1t 1s appreciated that embodi-
ments may be implemented in other artificial valves, for
example, caged ball valves and disc valves as well.
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As shown 1n FIG. 15, valve 60 may comprise aring 61 for
suturing the valve 1n place when implanted 1n a heart of a
patient. Valve 60 may include two semicircular leatlets 62
that rotate about struts 63 attached to ring 61. In this
schematic representation, other device components are sche-

matically depicted as body 64, which corresponds to body
51 as shown in FIG. 14. Body 64 may receive feedback
information from heart 65, in which valve 60 1s implanted.

Valve 60 differs from conventional artificial valves in that
its closure may be directly controlled by device 50. Valve 60
may comprise a mechanism (for example, a coil or a
hydraulic mechamism) that 1s configured to actively cause
closure of the valve (for example, by rotating struts 63 or by
inflating a portion of the one or more of leatlets 62). The
mechanism may later be brought back to a relaxed position
to allow opening of the valve and to allow 1ts repeated
closing as needed. The relaxation may be performed at a
predetermined time after closing. Additionally or alterna-
tively, relaxation may be aflected in response to a sensor
reading ventricular activity (e.g., a pressure sensor). Control
over valve 60 may be operated wirelessly (using a telemetry
unit associated with the valve) or by wired communication
with components in body 64. In some embodiments, valve
60 may be a valve configured to be opened and closed
independent of fluid pressure acting on the valve. For
example, valve 60 may be a ball valve.

Effects of Embodiments for Reducing Blood Pressure

Overall, some embodiments of the disclosed methods and
systems provide different approaches to reducing the filling
of at least one ventricle, consequently reducing blood pres-
sure. Unlike previous mechanical methods for reducing
blood pressure, some embodiments described herein may
achieve this goal without increasing pressure within the at
least one corresponding atrium. Without an increase in atrial
pressure to trigger the secretion of atrial natriuretic hormone,
or atrial natriuretic peptide, the reduction of blood pressure
can be mechanically controlled. The disclosed embodiments
may prevent an unwanted eflect on heart rate and may
reduce the likelthood of canon atrial waves.

Some of the disclosed embodiments may reduce atrial
kick while also increasing atrial stretch, causing the release
ol atrial natriuretic peptide. For example, disclosed embodi-
ments may comprise a method including a step of stimulat-
ing a heart to cause an atrium thereof to contract while a
heart valve associated with the atrium 1s closed such that the
contraction distends the atrium. Some embodiments, as
described above, may increase atrial pressure and atrial
stretch by using cardiac stimulation that reaches maximum
atrial pressure resulting from atrial contraction at a period of
time overlapping maximum passive increase in atrial pres-
sure, to cause secretion of atrial natriuretic hormone or atrial
natriuretic peptide, which may reduce blood pressure are
described above. Some embodiments, as described above,
may increase atrial pressure and atrial stretch by using
cardiac stimulation configured to have an atrium contract
such that an atrial pressure resulting from atrial contraction
ol an atrium overlaps 1n time a passive pressure build-up of
the atrium, thereby providing an atrial pressure of the atrrum
that 1s a combination of the atrial pressure resulting from
atrial contraction and the passive pressure build-up and 1s
higher than an atrial pressure of the atrium would be without
the stimulation, thereby causing increased atrial stretch of
the atrrum that reduces blood pressure through hormonal or
neuronal pathways. Reducing atrial kick and causing the
release of atrial natriuretic peptide at the same time may
have a synergistic eflect on lowering blood pressure. In
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some embodiments, controlling the timing of valve closure
relative to atrial contraction may control the amount one or
more atria stretches.

Unlike previous pharmaceutical or mechanical methods
for reducing blood pressure, some of the disclosed embodi-
ments achieve the goal of reducing blood pressure 1mmedi-
ately. For example, a reduction in blood pressure may occur
within 1-3 sec or within 1, 3, or 5 heartbeats of the
application of electricity and the blood pressure may reach
a minimal blood pressure value within less than 5 heartbeats
from the beginming of stimulation.

Examples discussed above strike a balance between
mechanical treatment, neuronal feedback, and the natural
release of hormones that cause adaptation. The mechanical
treatment and the natural release of hormones may be
additive or even synergistic mechanisms. The hormonal
release aflects the cardiovascular system while the mechani-
cal treatment aflects the heart itself. Intermittently delivering
the mechanical treatment to reduce blood pressure may
allect both the neuronal and hormonal feedback controlling
the cardiovascular system and reduce adaptation.

The headings used in this specification are only meant to
aid 1n organization and do not define any terms.

The present disclosure 1s related to the following appli-
cations, all of which are herein incorporated by reference 1n
their entirety:

U.S. Patent Application Publication Number 2012/
0215272 to Levin et al., published on Aug. 23, 2012,
now U.S. Pat. No. 8,521,280, 1ssued Aug. 27, 2013;

U.S. Patent Application Publication Number 2011/
0172731 to Levin et al., published on Jul. 14, 2011,
now U.S. Pat. No. 8,515,536, 1ssued Aug. 20, 2013;

U.S. Patent Application Publication Number 2013/
0331901 to Levin et al., published on Dec. 12, 2013;
and

U.S. Patent Application Publication Number 2012/
0041502 to Schwartz et al., published on Feb. 16, 2012,
now U.S. Pat. No. 8,428,729, 1ssued Apr. 23, 2013.

While various embodiments of the mvention have been
described, the description 1s intended to be exemplary, rather
than limiting and it will be apparent to those of ordinary skaill
in the art that many more embodiments and implementations
are possible that are within the scope of the invention.
Accordingly, the invention 1s not to be restricted except in
light of the attached claims and their equivalents. Also,
various modifications and changes may be made within the
scope of the attached claims.

What 1s claimed 1s:

1. A system for reducing blood pressure in a patient, the

system comprising:

a stimulation circuit configured to deliver a stimulation
pulse to at least one cardiac chamber of a heart of the
patient; and

at least one controller configured to execute the delivery
of one or more stimulation patterns of stimulation
pulses to the at least one cardiac chamber,

wherein at least one of the stimulation pulses stimulates
the heart such that an atrial pressure resulting from
atrial contraction of an atrtum overlaps 1n time a
passive pressure build-up of the atrium, such that an
atrial pressure of the atrium resulting from the stimu-
lation 1s a combination of the atrial pressure resulting
from atrial contraction and the passive pressure build-
up and 1s higher than an atrial pressure of the atrium
would be without the stimulation, and such that the
blood pressure of the patient 1s reduced, and
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wherein the one or more stimulation patterns comprise
stimulating the heart such that atrial kick 1s reduced or
prevented.

2. The system of claim 1, wherein the atrial pressure of the
atrium resulting from the stimulation causes an increased
atrial stretch of the atrium that reduces blood pressure
through hormonal or neural pathways.

3. The system of claim 1, wherein the at least one of the
stimulation pulses stimulates the heart such that a maximum
of atrial pressure resulting from atrial contraction of an
atrium overlaps 1n time a maximum passive pressure build-
up of the atrium.

4. The system of claim 1, wherein said at least one of the
stimulation pulses comprises one of stimulating a ventricle
of the heart and stimulating the atrium of the heart.

5. The system of claim 1, wherein said at least one of the
stimulation pulses comprises stimulating a ventricle of the
heart and the atrium.

6. The system of claim 35, wherein the one or more
stimulation patterns comprise pacing the atrium and the
ventricle at a substantially equal rate.

7. The system of claim 5, wheremn the one or more
stimulation patterns comprise pacing the atrium at a rate
higher than a rate at which the ventricle 1s paced.

8. The system of claim 1, wherein said at least one of the
stimulation pulses comprises stimulating the atrium of the
heart such that the atrium contracts twice during a single
cardiac cycle.

9. The system of claim 8, wherein said at least one of the
stimulation pulses comprises stimulating the atrium twice
during a single cardiac cycle.

10. The system of claim 8, wherein said at least one of the
stimulation pulses comprises stimulating the atrium once
during a single cardiac cycle.

11. The system of claim 1, wherein said at least one of the
stimulation pulses comprises stimulating the atrium of the
heart such that the atrium contracts only once during a single
cardiac cycle.

12. The system of claim 1, wherein the one or more
stimulation patterns comprise stimulating the heart at a
plurality of heartbeats,

wherein at least some of the stimulation pulses stimulate

the heart such that an atrial pressure resulting from
atrial contraction of an atrium overlaps 1 time a
passive pressure build-up of the atrium, such that an
atrial pressure of the atrium resulting from the stimu-
lation 1s a combination of the atrial pressure resulting
from atrial contraction and the passive pressure build-
up and 1s higher than an atrial pressure of the atrium
would be without the stimulation, and

wherein at least some of the stimulation pulses are con-

figured to reduce or prevent atrial kick.

13. The system of claim 1, wherein a stimulation pulse 1s
provided such that 1n a single heartbeat both atrial kick 1s
reduced or prevented and an atrial pressure resulting from
atrial contraction of an atrium overlaps 1n time the passive
pressure build-up of the atrium such that an atrial pressure
of the atrium resulting from the stimulation 1s a combination
of the atrial pressure resulting from atrial contraction and the
passive pressure build-up and 1s higher than an atrial pres-
sure of the atrtum would be without the stimulation.

14. The system of claim 1, wherein the one or more
stimulation patterns comprise at least one stimulation pulse
set to have 1n a single heartbeat a first atrial contraction to
commence when an atrioventricular valve 1s open and end
after the atrioventricular valve 1s closed, and to elicit a
second atrial contraction 1n which an atrial pressure resulting
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from atrial contraction of an atrium overlaps 1n time a
passive pressure build-up of the atrium, such that an atrial
pressure of the atrium resulting from the stimulation 1s a
combination of the atrial pressure resulting from atrial
contraction and the passive pressure build-up and 1s higher
than an atrial pressure of the atrtum would be without the
stimulation.

15. The system of claim 14, wheremn the first atrial
contraction 1s sensed and the second atrial contraction 1is
paced.

16. The system of claim 14, wheremn the first atrial
contraction and the second atrial contraction are paced.

17. The system of claim 13, wherein the one or more
stimulation patterns comprise alternating between a plurality
of stimulation patterns having a different ratio of:

first stimulation pulses that stimulate the heart such that
an atrial pressure resulting from atrial contraction of an
atrium overlaps 1n time a passive pressure build-up of
the atrium, such that an atrial pressure of the atrium
resulting from the stimulation 1s a combination of the
atrial pressure resulting from atrial contraction and the
passive pressure build-up and 1s higher than an atrial
pressure of the atrium would be without the stimula-
tion, and

second stimulation pulses that stimulate the heart such
that atrial kick 1s reduced or prevented.

18. The system of claam 1, wherein the one or more
stimulation patterns comprise alternating between a plurality
of stimulation patterns having a different ratio of:

first sttmulation pulses that stimulate the heart such that
an atrial pressure resulting from atrial contraction of an
atrium overlaps 1n time a passive pressure build-up of
the atrium, such that an atrial pressure of the atrium
resulting from the stimulation 1s a combination of the
atrial pressure resulting from atrial contraction and the
passive pressure build-up and 1s higher than an atrial
pressure of the atrium would be without the stimula-
tion, and

second stimulation pulses that do not provide an atrial
pressure resulting from atrial contraction of an atrium
that overlaps 1n time a passive pressure build-up of the
atrium.

19. The system of claim 1, wherein the at least one of the
stimulation pulses comprises pacing at least one of the
atrtum of the heart and a ventricle of the heart such that a
relative timing of excitation corresponds to an atrioventricu-
lar delay of approximately 2 ms.

20. The system of claim 1, wherein the at least one of the
stimulation pulses comprises pacing at least one of the
atrtum of the heart and a ventricle of the heart such that a
relative timing of excitation corresponds to an atrioventricu-
lar delay of between approximately 30 ms and approxi-
mately O ms.

21. A system for reducing blood pressure 1n a patient, the
system comprising;:

a stimulation circuit configured to deliver a stimulation
pulse to at least one cardiac chamber of a heart of the
patient; and

at least one controller configured to execute the delivery
of one or more stimulation patterns of stimulation
pulses to the at least one cardiac chamber,

wherein at least one of the stimulation pulses stimulates
the heart such that an atrial pressure resulting from
atrial contraction of an atrtum overlaps 1n time a
passive pressure build-up of the atrium, such that an
atrial pressure of the atrium resulting from the stimu-
lation 1s a combination of the atrial pressure resulting

5

10

15

20

25

30

35

40

45

50

55

60

65

74

from atrial contraction and the passive pressure build-
up and 1s higher than an atrial pressure of the atrium
would be without the stimulation, and such that the
blood pressure of the patient 1s reduced, and

wherein the one or more stimulation patterns comprise

alternating between a plurality of stimulation patterns
having a different ratio of:

first stimulation pulses that stimulate the heart such that

an atrial pressure resulting from atrial contraction of an
atrium overlaps 1n time a passive pressure build-up of
the atrium, such that an atrial pressure of the atrium
resulting from the stimulation 1s a combination of the
atrial pressure resulting from atrial contraction and the
passive pressure build-up and 1s higher than an atrial
pressure of the atrtum would be without the stimula-
tion, and

second stimulation pulses that do not provide an atrial

pressure resulting from atrial contraction of an atrium
that overlaps in time a passive pressure build-up of the
atrium.

22. The system of claim 21, wherein the atrial pressure of
the atrium resulting from the stimulation causes an increased
atrial stretch of the atrium that reduces blood pressure
through hormonal or neural pathways.

23. The system of claim 21, wherein the at least one of the
stimulation pulses stimulates the heart such that a maximum
of atnial pressure resulting from atrial contraction of an
atrium overlaps 1n time a maximum passive pressure build-
up of the atrium.

24. The system of claim 21, wherein said at least one of
the stimulation pulses comprises one of stimulating a ven-
tricle of the heart and stimulating the atrium of the heart.

25. The system of claim 21, wherein said at least one of
the stimulation pulses comprises stimulating a ventricle of
the heart and the atrium.

26. The system of claim 25, wherein the one or more
stimulation patterns comprise pacing the atrium and the
ventricle at a substantially equal rate.

27. The system of claim 25, wherein the one or more
stimulation patterns comprise pacing the atrium at a rate
higher than a rate at which the ventricle 1s paced.

28. The system of claim 21, wherein said at least one of
the stimulation pulses comprises stimulating the atrium of
the heart such that the atrium contracts twice during a single
cardiac cycle.

29. The system of claim 28, wherein said at least one of
the stimulation pulses comprises stimulating the atrium
twice during a single cardiac cycle.

30. The system of claim 28, wherein said at least one of
the stimulation pulses comprises stimulating the atrium once
during a single cardiac cycle.

31. The system of claim 21, wherein said at least one of
the stimulation pulses comprises stimulating the atrium of
the heart such that the atrium contracts only once during a
single cardiac cycle.

32. The system of claim 21, wherein the one or more
stimulation patterns comprise stimulating the heart such that
atrial kick 1s reduced or prevented.

33. The system of claim 32, wherein the one or more
stimulation patterns comprise stimulating the heart at a
plurality of heartbeats,

wherein at least some of the stimulation pulses stimulate

the heart such that an atrial pressure resulting from
atrial conftraction of an atrium overlaps 1n time a
passive pressure build-up of the atrium, such that an
atrial pressure of the atrium resulting from the stimu-
lation 1s a combination of the atrial pressure resulting
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from atrial contraction and the passive pressure build-
up and 1s higher than an atrial pressure of the atrium
would be without the stimulation, and

wherein at least some of the stimulation pulses are con-

figured to reduce or prevent atrial kick.

34. The system of claim 32, wherein a stimulation pulse
1s provided such that 1n a single heartbeat both atrial kick 1s
reduced or prevented and an atrial pressure resulting from
atrial contraction of an atrium overlaps 1n time the passive
pressure build-up of the atrtum such that an atrial pressure
of the atrium resulting from the stimulation 1s a combination
ol the atrial pressure resulting from atrial contraction and the
passive pressure build-up and 1s higher than an atrial pres-
sure of the atrium would be without the stimulation.

35. The system of claim 21, wherein the one or more
stimulation patterns comprise at least one stimulation pulse
set to have 1n a single heartbeat a first atrial contraction to
commence when an atrioventricular valve 1s open and end
after the atrioventricular valve 1s closed, and to elicit a
second atrial contraction 1n which an atrial pressure resulting
from atrial contraction of an atrium overlaps in time a
passive pressure build-up of the atrium, such that an atrial
pressure of the atrium resulting from the stimulation 1s a
combination of the atrial pressure resulting from atrial
contraction and the passive pressure build-up and 1s higher
than an atrial pressure of the atrtum would be without the
stimulation.

36. The system of claim 35, wherein the first atnial
contraction 1s sensed and the second atrial contraction 1s
paced.

37. The system of claim 35, wherein the first atrial
contraction and the second atrial contraction are paced.

38. The system of claim 21, wherein the one or more
stimulation patterns comprise at least one stimulation pulse
set to have 1n a single heartbeat a first atrial contraction to
commence when an atrioventricular valve 1s open and end
before the atrioventricular valve 1s closed, and to elicit a
second atrial contraction 1n which an atrial pressure resulting
from atrial contraction of an atrium overlaps 1n time the
passive pressure build-up of the atrium, such that an atrial
pressure ol the atrium resulting from the stimulation 1s a
combination of the atrial pressure resulting from atrial
contraction and the passive pressure build-up and i1s higher
than an atrial pressure of the atrtum would be without the
stimulation.

39. The system of claim 21, wherein the at least one of the
stimulation pulses comprises pacing at least one of the
atrtum of the heart and a ventricle of the heart such that a
relative timing of excitation corresponds to an atrioventricu-
lar delay of approximately 2 ms.

40. The system of claim 21, wherein the at least one of the
stimulation pulses comprises pacing at least one of the
atrtum of the heart and a ventricle of the heart such that a
relative timing of excitation corresponds to an atrioventricu-
lar delay of between approximately 30 ms and approxi-
mately O ms.

41. A method, carried out with an implanted heart muscle
stimulator associated with a heart of a patient, for reducing
blood pressure of the patient, the method comprising:

stimulating the heart to provide an atrial pressure resulting

from atrial contraction that overlaps 1n time a passive
pressure build-up of the atrium, such that the overlap-
ping atrial pressure resulting from the atrial contraction
and passive pressure build-up elicits an atrial pressure
that 1s a combination of the atrial pressure resulting
from atrial contraction and the passive pressure build-
up and 1s higher than an atrial pressure of the atrium
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would be without the stimulation, and such that the
blood pressure of the patient 1s reduced; and

stimulating the atrtum such that atrial kick 1s reduced or
prevented.

42. The method of claim 41, wherein the atrial pressure of
the atrium resulting from the stimulation of the heart causes
an increased atrial stretch of the atrmum that reduces blood
pressure through hormonal or neuronal pathways.

43. The method of claim 41, wherein stimulating the heart
comprises stimulating the heart such that a maximum of
atrial pressure resulting from atrial contraction of an atrium
overlaps 1n time a maximum passive pressure build-up of the
atrium.

44. The method of claim 41, wherein stimulating the heart
comprises one of stimulating the atrium of the heart and
stimulating a ventricle of the heart.

45. The method of claim 44, further comprising pacing the
atrium and the ventricle at a substantially equal rate.

46. The method of claim 44, further comprising pacing the
atrium at a rate higher than a rate at which the ventricle 1s
paced.

4'7. The method of claim 41, further comprising stimu-
lating the atrium such that the atrium contracts twice during
a single cardiac cycle.

48. The method of claim 47, further comprising stimu-
lating the atrium twice during a single cardiac cycle.

49. The method of claim 47, further comprising stimu-
lating the atrium once during a single cardiac cycle.

50. The method of claim 41, further comprising stimu-
lating the atrtum such that the atrium contracts only once
during a single cardiac cycle.

51. The method of claim 41, wherein stimulating the heart
comprises delivering stimulation pulses to the heart at a
plurality of heartbeats,

wherein at least some of the stimulation pulses stimulate

the heart such that an atrial pressure resulting from
atrial contraction of an atrium overlaps 1n time a
passive pressure build-up of the atrium, such that an
atrial pressure of the atrium resulting from the stimu-
lation 1s a combination of the atrial pressure resulting
from atrial contraction and the passive pressure build-
up and 1s higher than an atrial pressure of the atrium
would be without the stimulation, and

wherein at least some of the stimulation pulses are con-

figured to reduce or prevent atrial kick.

52. The method of claim 41, wherein a stimulation pulse
1s provided such that 1n a single heartbeat both atrial kick 1s
reduced or prevented and an atrial pressure resulting from
atrial contraction of an atrium overlaps 1n time the passive
pressure build-up of the atrtum such that an atrial pressure
of the atrium resulting from the stimulation 1s a combination
of the atrial pressure resulting from atrial contraction and the
passive pressure build-up and 1s higher than an atrial pres-
sure of the atrium would be without the stimulation.

53. The method of claim 41, wherein stimulating the heart
comprises delivering at least one stimulation pulse set to
have 1n a single heartbeat a first atrial contraction to com-
mence when an atrioventricular valve 1s open and end after
the atrioventricular valve 1s closed, and to elicit a second
atrial contraction 1in which an atrial pressure resulting from
atrial contraction of an atrium overlaps 1n time a passive
pressure build-up of the atrium, such that an atrial pressure
of the atrium resulting from the stimulation 1s a combination
of the atrial pressure resulting from atrial contraction and the
passive pressure build-up and 1s higher than an atrial pres-
sure of the atrium would be without the stimulation.
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54. The method of claim 53, wherein the first atrial
contraction 1s sensed and the second atrial contraction 1is
paced.

55. The method of claim 53, wherein the first atrial
contraction and the second atrial contraction are paced.

56. The method of claim 41, further comprising alternat-
ing between a plurality of stimulation patterns having a
different ratio of:

first sttmulation pulses that stimulate the heart such that

an atrial pressure resulting from atrial contraction of an
atrium overlaps 1n time a passive pressure build-up of
the atrium, such that an atrial pressure of the atrium
resulting from the stimulation 1s a combination of the
atrial pressure resulting from atrial contraction and the
passive pressure build-up and 1s higher than an atrial
pressure of the atrium would be without the stimula-
tion, and

second stimulation pulses that stimulate the atrium such

that atrial kick 1s reduced or prevented.
57. The method of claim 41, further comprising alternat-
ing between a plurality of stimulation patterns having a
different ratio of:
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first stimulation pulses that stimulate the heart such that
an atrial pressure resulting from atrial contraction of an
atrium overlaps 1n time a passive pressure build-up of
the atrium, such that an atrial pressure of the atrium
resulting from the stimulation 1s a combination of the
atrial pressure resulting from atrial contraction and the
passive pressure build-up and 1s higher than an atrial
pressure of the atrtum would be without the stimula-

tion, and

second stimulation pulses that do not provide an atrial
pressure resulting from atrial contraction of an atrium
that overlaps in time a passive pressure build-up of the
atrium.

58. The method of claim 41, further comprising pacing at
least one of the atrium of the heart and a ventricle of the
heart such that a relative timing of excitation corresponds to
an atrioventricular delay of approximately 2 ms.

59. The method of claim 41, further comprising pacing at
least one of the atrium of the heart and a ventricle of the
heart such that a relative timing of excitation corresponds to
an atrioventricular delay of between approximately 30 ms
and approximately 0 ms.
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